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1. Introduction.

A new solution of the one-dimensional time-independent hydrodynamic
equations for an ozone flame which avoids:'K some approximations made in
earlier calculations yields some qualitaiively different results.

The rathematical model is summarized in Sectiom 2, the physical rodel
and numerical parameters in Section 3, the numerical methods and the character
of the eigenvalue problem in Section 4. The solution curves are analyzed in
Section S5 in terms of the physical and chemical processes within the flame as
a part of a study of how these processes depeind upon fuel properties. The main
conclusions are summarized im Section 6.

2. Mathematical Model.

This study uses the one-dimensional time-irdependent hydrodynanmic
equations in the forms suggested by Hirschfelder and Curtiss

Continuity of species i: dG, / 4z = m; Ry / M (1a)
Diffusion of species i: o (o 25l f -

ax; / 4z = (2 / n) jfiDij L(xiGj)/mj (iji)/mé} (1b)
Energy balance: dT / dZ =

L | { ) . . '
M/ A {Hy6,)/mg - Yim (HjGj)/mj} (1c)
P=nRT : (1d)
where

Gi = the fractional mass~flow rate ¢ spocics i = m A v, / M (le)

my: the mass of species j in g,/ grucol

v.: the ‘average velocity of particle: of tyre j with rzispect to a fixed
axis system. -

M: the total mass-flow rate with res .cct to a fixed axis system = Z.n.m.v,.

J 3 J 3
Dij: the binary diffusion coefficiert for the pair i, j in cm%-secfl
xj = nj / n, the mol-fraction of spc.ies j
n: the total concentration inm molecules / cc. = Z.n

3
Hj: the enthalpy of species j in cal. / gmol
A: the thermal conductivity of the pas mixture in cal.-cm:l-secfl-degfl
P: the pressure in atm.

R: the ideal gas constant in cc.-atm.-deg?l-gmol-l

T: the absolute temperature.
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energy balanceg (cf. Section 4),
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The approximations required to derive these equaiions have been discussed

lsevhere ¢. however, for the ozore flame, special justification is recuired
or the onmission of terms in kinetic-eneryy of gas flow in the equation of

The Hirschfelder-Curtiss mod:l :ssumes that the hot boundary is defined

by an asymptotic approach to chemica l thermal. and diffusion equilibrium

lig, , 4T / dZ = lim,  dx, / 4z = lim, 4G, / dz. - (@)

YA
The cold boundary;"deflned by a non-zero value of the temperature gradient,

(dT / dz), cold ‘o . . ' (3)

4 cold: cold boundary,
and the continuity of the fracticnal mass-flcw rates.,

“he mol-fractions may be subject to a discontinuity and are mathematic“lly
unspecificd. For one class of idealiczed systemc, it has been shown that : (&)
the discontinuity exists; (b) its magnitude depends upon (4T / dZ)Z cold’ The

latter quantity can be varied over a range of vzlues which will leave the
discontinuity experimentally insigaificant and which will not affect the flane
solution as much as 0.01%.

It has been shown that M can be viewed as an eigenvalue to be adjusted in
fitting the cold-boundary conditions on,the fractional mass-flow rates for one
of the wajor constituents of the fuel.

3. Physical lodel and HNumecrical Faraneters.

" A eritical review of experirental studies of oxygen ard ozone-oxygen
reaction kinetics 2 supported Hirschfelder and Curtiss' 6 choice of the
three following reactions to describe the ozone flame:

(1)03+14;102+0+M o (&)
—>

W)y 20 + M 2 0, + M.

Let: fi ( £F ): specific rate with respect to mol-fractions for the i-th (5)

forward (reverse) rccction &t a total pressure of 1 atm.’
The specific rates have been assignecd a functioral form recommended for use
in flame studi%s

2 (m) = af P exp (- e/, p=f,r (6)

? P <P,
a1 b FE constants.

if the reactions occur at ‘a rate which allcws approximate equilibration auong
the states of the reacting species, then the forward.and reverse rates nust
approximately satisfy the thermodyaamic equation

L% _ Lf by : ’
£ o= fi / fi 7

KS: the equilibrium constant with respect to mol-fractions for the i-th reaction,

i* i
The equations given in _the review for the equilibriun constants were
changed for mol-fractioms. 58  The parane ters are recorded in Table 1,
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Table 1
Paraneters In‘Mol-Fraction Equilibrium Conctants At P = 1 atm.
Reaction a? ‘b? ’ ' 6?
1 (+6) + 1.2799 33367 (-1) + 2.5 (+4) + 1.2920 85
2 (+2) + 6.0957 32368 (1) = 7.5 (+4) - 4.6783 15
4 (-4) + 4.7609 76251 (+0) - 1.0 (+4) - 5.9704 00

Legend: The parameters are for the eguation
x
x

_ X oby X
Ki = a) T exp (= Ei / T).

The reaction numbers refer to Egq. (4,
+

ty
(¥2) y.yy is (y.yy) x 10 “.

f f
The equations for reactions (1, ¥ = 0,) and (2) were taken from the

review 2° and changed for mol-fractions. Tée thermodynarically consistent
reverse rates were obtained from tiie data of Table 1. The results are shown

in Table 2.

Table 2

parameters In Eq. (6) For Mol-Fraction Specific Rates When T = 1 atm.

s o
1, M=03' £ (+12) 1.98 - 2.0 (+4) + 1,253
r (+6) 1.546 955¢ - 2.25 (#2% = 4,902 5
2" f (+8) &.08 - 2.0 (+3) + 2,133
r (+6) 1.325 952( - 1.25 (+4) + 5,891 615
4:?M=6; £ (+12) b4.6 - 4.0 0
r @15) 9.661 883¢ - 5.0 (+4) + 5.970 %00

.

. t
Lemend: An entry (iz) y.yy denotes the npunzer (y.yy) x10 Z. A line beneath

p

digits of a; or Gg for 1 = 1,2 irdicates that according to th. review, the

digits are uncertain. They are rctained to rmaiztain thermodynamic consistency

to eight significant figures.

® VWithin the accuracy of existing dota, 2, . ng?.r / f§ 0 is constant.
st 1, B
al 0. = 0.33% 5c . a, was arbitrarily assigned tae value ag’= 1,5.
» V2 .
* The specific rates for reactior 2 are for the consumption of 0. (i.c.,

one -half of the rates for the prcduction of 02). 7

** The specific rates for reacticn &4 are for the production of 02, leces
one halfl Qf the values for the consunption of O. E“‘liE fﬁ,h/ ff‘o was
assumed to be constant. The follewing valuus were arbitrarily ansuiled:
34'03 = 2, EQ‘O = 1.33%....

Sr o

)
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Sceveral investigators have published data on reaction (4) since the preparation
of the review. Unfortunately, there is only order of magnitude agreement for
specific rates as shown in Table 3.

i

Table 3

' 107 if, y cctemol % sec.™ at 3500°

, ! Re & ¢ p
S 183 STEYENTS 5 [103
t A —_ 0.52 0.45
L Xe 1.3 ' — _ _
v0, 4.6 1.6 / 4.8
\ o 1k, : 13. 9.9

Legend: The data are taken from reference [8]. They are for

W e LT

d[o]/dt_k4 [M]L'OJ .

The most reliable determlnatlons of recoambination rates have been made
by inserting dissociation rates measured in a shock tube into the thermodynamic
equation between forward and reverse rates. The applicability of the equilibrium
relation has been checked in shock tube studies of the coupling between
dissociation and recombination 11 . Under the conditions of the experinent, the
vibrational relaxation in dissociating G, - A mixtures was sufficiently rapid
that the coupling was completely negligisle up to 5000°

Since it seemed difficult to¢ ze¢lecel one significantly more reliable value,
the equation suggested by refercrcoiflvas arditrarily adopted. It should be
recognized that the temperatuie Joiirn < for rgcombin“tion was selected
arbitrarily oy the authors on thc >Z other peoales resuits. Their equation
for recoxbination was changed forx un mol-fractions and the thermodynamically
consistent discociation rate was obitainsd using the parameters of Table 1. The
results are recorded in Table 2.

v'hile reactions (2) and (ﬂ) are imuortant for determination of the asyuptotic -
equilibrium values as 2+, because of tle large activation energies, they
would not be expected to af‘e the first¢ {ew digits in calculations at any other
point in the flame. Comparloons with rates used in previous theoretical studies
are made in Sections (5.1, 5.6),

The transport coefficients suggested in the review 2 have been adopted.
They will be tabulated for reference.

P
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Table &

I G

Parameters For Binary Diffusion Coefficients At B =1 atm.

J——
P

E 5y dﬁa,xlo5 cm. - sééflf de_g.-3/2 c/if;;xlo-2 deg.
) 0, 04 4.59 | 1.808
4 0,0 7.36 1.471

0 O 5.81 1.808

Lepend: The parameters are taken from the review[54Ifor use inm'the empirical

L\
3 equation -
‘ L., (m = ANT?/Z/ (a+ 477,

A line beneath a digit indicates thet in the review that digit was considered
to be uncertain.
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Table 5 ‘
Parameters For The Thermal Conductivity of The Pure Gases
a(cal.-ém.-l-sec.-l-deg.-leeg:.l/2 vk ¢’k
0, 6.726x107° o 265.9 10" l
0y g.szxéo'é ' 467 10 _ o
o* 3x10° 400 o )

Legend: The parameters are taken from the review 5€¢ for use in the empirical . ¢

equation - -
A =a Tl/z/ {l + bT lexp[-c'l‘ im0 ]}

A line underneath a digit indicates that in the review that digit was: considered .
to be uncertain.

¢ As a result of an error, parameters for O aton were used which predict a lower
thermal conductivity for O than for 0,. At 1097 y where x_ has its maximum, the g
thermal conductivity for O is about a fac@or of 3 smaller than recent theoretical

_estimates. However, the maximum in xO is less than three per cent and the - -

estimated error in 1 nix is only 2.6%. J

The thermal conductivity of the gasecous mixture was estimated from the !

thermgl conductivity of the pure components by the simple linear comblnation ]

rule .

- X - . g

Awux - :% hi i (8) b

The enthalpies were assumed to be linear functions of temperature given , {

by the review € , Tge valueg used for the heat capacities were averages taken J

over the range [300 K, 1300 K], rounded to the nearest omne-quarter in “/R. !

The parameters are summarized for reference in Table 6. 4

Table 6 j

!

Parameters- For The Enthalpy Eguations ;

3

oc H, (1300°) cal,/ gmol. C. /R y

o] (+4) 6-563§ 2.5 o j

/

O2 (+4) 1.0045 2 o 4,0 ‘
03 ) (+4) 4.9322 ) 6.25 ’

Legend: The parameters are for H . (T) = H(r(IBOOo) + Cd.(T-IBOOO).

| t3
(XZ) y.yy denotes the number (y.yy)xlO Z, The review 58 considered the underlined
digits to be uncertain.

[N

- n

The total mass-flow rate, M, is an eigenvalue. The value required Jor
solution of the flame equations can be compared with one calculated from the
experimental burning velocity y(ﬁc)

M= }(Z ) v (z.) (9)
y(Z ): gas density at the burner in ge /cm .

.
)
l

h
i

v(Zc) mass average velocity at the burner in cm./sec.

Zc: the (arbitrary) distance coordinate for the burner.

Streng and Grosse. measured the burning veloclty of a set of ozone-oxygen
mixtures « The-data in this paper are for their mixture with the parameters
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=1 atne.
2(2 )= 300°%
xo,(B)= 0:23 . (10)

p) . !
xo, (Bg)= 072
v(Zc)= 52.2 cm./sep.
. i
The Hirschfelder-Curtiss model for the flame holder has been shown for
one idealized flame to require an experimentally negligible discontinuity
in the mol-fractions at Z (vide Section 2). Thus, for the mathematical model

the mol-fractions of Eq. (10) represent 112_ X, (2) f lim+ X, (Z)s The re-
c
maining boundary values were calculated using the boundary condltions for the

nlrschfelder-Curtlss model (cf. Section 2). The entire set of values is
sum.arized for reference °® :

M = 0.07736 g.-cm.a-sec.l
2 =12 lim Z-> + c©
c
Gq 0.0 (-7) 1.904 4986
GO (-1) 6.315 7895 (~1) 9.999 9981
2
Go (-1) }.684‘2105 (-9) 1.101 6955
3
X, o (~7) 3.808 9965 (11)
X (-1) 9.999 9962
2
X (-10) 7.344 6352
O ——
3
+

T (+2) 3.00 (+3) 1.344 2328

Iy

4, Methods of NumericalyIntégration; Character of the Eigenvalue Problem.

Previously published techniquesi3 were used to construct a Taylor Series
5 the thirtieth order about the hot boundary temperature, Tmax (which is a

singular point of the differential cquation system), as a local solution
over an interval

Ty T -
[ 1 maxJ (12)

T = lim T(2) .
mAX  Z—roo
Z

* (z %) y.yy denotes the number (y.yy) x 10 .

+ Tris value corresponds to (dT/dZ)Z = 0., The actual value of T(Z ) nust
Se such that (dT/dZ) has a positlve value. The exact value is of no
izportance ° c

** T, order to scale the magnitudes of successive power series coefficlents,
it is essential to use a reduced temperature. (T-T )/Tmax has been

found to be a suitable choice b,
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The power series coefficients were checked by a test which has been
used repeatedly to detect any errors of inconsistency 13a ,

Mathematical instability of the equation system prevents conti-
nuation of the solution from Tl ty a straightforward application of con-

ventional methods of numerical irtegration. Alteration of the last of eight

digits in single precision computer calculations was sufficient to cause

the solution to diverge either positively or negatively along aﬁriori ridi-
culous curves (e.g., dGO /4T) goes to zero in the high temperature region).

Furthermore, the first stage of e previously published method of successive
approximation could be constructed over only a part of the remaining tem-
perature range of interest « Therefore, the results discussed in this
paper were obtained by further development of previous work « A computer
program was developed in which the machine made the necessary logical
choices to correct its integration and to follow the desired solution 15,
The validity of the procedure was tested with: (a) the check discussed at
the end of this Section; (b) comparicon of the solution with that obtained
by the first stage of the successive approximation technique. Over a ten-
perature range common to both, the difference between the function values
for the two solutions was at most a few per cent * .,

All previous calculations on ozone which togk diffusion into account
viere based either on the kinetic steady-state 18419 or on improved alge~
braic approximation related to thz kinetic steady-state 20 which gave so- )
lutions approximately following the kinetic steady~state. It has been shown ’
that * : (a) the kinetic steady-state incures a solution with a satisfactory :
approximation to the boundary comdiition GO = 0; (b) with this approximation

any three component system requira2s oaly a single eigenvalue, M.

Since the present calculatica neither assurzes nor predicts any reasonable
approximation to the kinetic steady-state, it is surprising that the solution
for this mixture could be constructecd with { as the sole eigenvalue. The basis
for the last statement consists of the following facts: (1) Starting values
at T1 of f the hot boundary which zive negative or positive divergence agreed
with the sum of the series comstrucied at T _  to within ome unit in the eighth
digit; (2) Solutiomns which approxinmately satitfy thc cold boundary conditions

GO = 0, xo ¥ 0 were obtained ( in the sense tha: (a) Xy and lGOl decreased to

less than 0.0l of their maximum values; (b) Inspectica of the bounding curves
showed that the raticswould have becen lovered if the bounds were brought
closer); (3) M could be adjusted to fit G, (Zc).

3

Conversely, for richer ozone Ilames (i.e., higher T _ ) calculations

Lah)

already performed show that: (1) the series solution including X terms in

sone cases predicts starting valucce which differ by a factor;(2) it scent im-

possible to fit the cold boundary value on Gy (Zc)_and G, using only a single
3

eigenvalue and the equations present a two eigenvalue problem.

¢ In previous studies, similar nunerical techniques were applied to a hypo-
thetical flame ( with the difference that all decisions were made rmanually).
A similar com{arison supported the validity of the solution for the idealized
system 14b, 17 |
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Contrary to prcvious belief 18, 19, 20, 21 s it seems that a single
eigenvalue approximation is adequate only for (a) sufficiently lean. flames,
or, (b) an incorrect approximation omitting the kinetic energy term in the
equation of energy balance for richer flames.

5. Discussion of Results.

5.1. Free Rodical ‘Curves; Applicability of the Kinetic Steady-State Appro-
ximation; Comparlson %ith Otaer Calculations.

Consider an 1ntermediate,<£ whose net rate is given as a sum of rates
for forward and revérse reactions ; : :

Sy :
Ry = Z(R«I-Rx.i). RS2
Since the kinetic steady-state approximation
' = b
R < 0] o (14)
has'been frequently used to determine Ao 0 8 convenient measure of the
adequacy of the approximation is given by a relative deviation, T s defined
as Ja . ' '
' r =R / 7 :
cs - : C(‘i . . i (15)

éranh (i) shows that r is of the order of unity for most of the flame 50 )

0
that the klnetlc steady-state is aot a uszeful app;onlratlon for calculaulons
which are at all sensitive to the profile k (T). von Xarman and Penner e

conjectured that the approxirmation weuld wve erfdl in. CalCuLhLlﬂo burning
velocities. Since there is evidenec that flame speeds are ccuyuratively
insensitive, their suggestion secus tTo be useful for rougi asproximations.
Thus, previous calculations on an idealized system showed that if varied by
only a factor of about 0,75 with changes in kinetic ard d¢ifiuvzion parameters
which reroved any approximation to the kinetic steady-state- (‘-. Section 5.6).
The assumption that a similar result kolds for the ozone flame . suggests. that,
for a fixed set of parameters, the usz of the steady—stutu ’pnroAlmation mlght
give a result of the right order of negnitude even if it grossly distorts
profiles.

The existence of a single interyzl raxipum in an intermediate mol-fraction
has been attributed to the kinetic si:zady-state approx1matlon ®* +. Since

~eted the existence of a maximum in terns
tica, they contrasted their suggestion
rpretation. However, the contrast was
ich oxitted the words in italics: "The
recson for this iz that the free r ccls, in this case oxygen atoms, are essen-
tlally in equilibriuz with fuel molen:les in the region of the hot boundary. This
iz the significance of setting Ky=(." In Hirschfelder and Curtisst' notation, Kj is
tae net rate of O atom production,sc that Kl=0 is just the kinetic steady-state
asovroxination,
+See Vcestenberg and Fristrom 16 s P.5%8 for comments on ex pcrlmental studies which
have shown maxima in radical concentriations and for references to the literature.

*hen von Kirrdn and Penner 18 intery
of the kinetic steady-state approx
with Hirschfelder and Curtiss' 22
based on an inccmnplete paraphrasc
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Graph (2) for xo(’t) shows such & mzrinum in the absence of the kinetic steady-

state, this interpretation must be abandoned. However, another one which
predicts a single internal maximum for a wide class of intermediates 3 does
apply. Furthermore, if

t = (T~ Lnnx) / Tﬁax

(16)

g = [M s /‘ (T )] 2, where =0 is

rax
an arbltrdxf orlgln,
then Graphs (2) of xo( x), (3) of .“ <)y and (4) of dt/dZ show that the

previous conjecture 3 for such intermediates applies to the O atom in the _
ozone flame: despite the steeper . gradient on the hot side of the maxinum,
the larger X gradient lies on tle cold side (due to the rapid increase in
dt/dZ in the region of rapid cherical reaction).

These results on the significionce of the deviations from the kinetic

g
{

steady-state differ qualitatively I{rom the assunptions of earlier studies 23,19

and the conclusicns of a third C ., The extrerncly large deviations reported
here would have been somewhat lowe:r ia the region about the hot boundary if

the older specific rate for O atcnr rocombinaticon had been used. In the earlier
study the recombination rate was dctermined from Eq.(7) using the dissociation

rate calculated with the pre-cxpcacntial factor for the simple bimolecular
collision theory. Subsequent expecri
have abnormally large pirec-cXponers
nation rate used was too lo" by =
of the order of 1000 at 400° ¥, 1

f
this difference, Ro -'RO + 2 R4

At a temperature 1200 off the hc: boundary}usu of F5 rather than RO would

factors ®. Thus the specific r“combi-
actor of the order of 100 at |25O and
sbiain o lower beund on the effect of

0w

give a relative deviation of -0.17%3
However, this decrecuase doez ..
can not be cdue to the c¢iffercnce 3
coefficlients acdopted in this stud s
gations. This conclusion was dedu:

PS1 : a local solutior at Th2 hot boundary
in the form »f = tuwentieth order pover (17)
serics const.ructed witn the earlier set

o

D garya -
01 fLaraneivzis,.

PSl predicted the same quzlitative resuit Jound in this study. It is not

X5 but X, which approximately obeys the steady-state over a wide ten-
3
perature interval about the hot boundary:
T2 1217 (T Z 0.83) : r, ‘£ 0,01
3 (13)
TZ 1167 (T2 0.83) : Ty £ 0.033 .
3
® Br, can be taken as a typical exémple 2k .

2
+ : A s . .
The sign of the temperature coellicient was also wrong sinc: the esii
was made before experiments established the negative tewpcrature cocifi-
cient for recombination rates.

-

-e

ts have shown that dissociation reactions

i be conputed using the data of this study.
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Altncush the net production rates of 0 and of 03 are related by the equation

RO3 = RO—.z (R +R,,) ‘ ‘ (19)

and RO>J'.OOR.,\ _‘through»a temperaturé raﬂge of over -100° ) two of these studies equated

RO to zero a.x?id left RO be ﬁozx—zero. von Karmén and Penner made this approximation

when they vere attempt%ng torsimplify the ozone eguations in their study of flame

speeds. They argued that R,” would be negligible compared with other reactions except '
in a temperature range about the hot boundary which they felt would be unimportant

for the calcul §ion‘ of flame speeds. Sendri nade the same approximation in his
caleulations © o According to the results of this study, omission of Rl alters

RO by orders of magnitude over this region. While it is true that previGus studies
of3an idealized system 3 vould support the contention that any change which left

RO corparatively small could be expected to be without significant effect, it does
not necessarily follow that this could bec expected for a drastic.alteration in Ro
unless the tenperature range itself were a negligible fraction of the whole. 3
Unfortunately, this approximation also gives an erroneous estimate of the size of the
temperature region.” In any case, it should not be made in any study of flame structure

" and processes.

) In the third study, a Taylor series approximation using second derivatives
was used to predict values at T = ‘I‘T,_j__-?_‘? . Tangent integration with 2 degree intervals
starting from these values gave soluvion curves which oscillated.violently. ~ After a

change to much larger values for GO and Xy gave solution curves which were smooth

Ihalclle Sahe v-;"-;M.n.Mn. the osr:illatiogs‘in t'né earlier solution were attributed to the

‘mucn too smawdl’ voiw.. OF Ao oo Yor +he Taylor series. This explanation

. U .
aoes not avpedr to Bé correctSsince: Ya) Insuccsion of P35, showed that use of second
cerivatives gave starting values certain to cbout one decImal, which were not off in
nagnitude; (b) This study has shown thnat the ozone differential equations in the .
neighborbood of the solufrgz_on determined vy the hot boundary conditions are so
r:.athermatically unstable ! that the curves zre sensitive to the last of eight digits
carried in usual computers. Therefore, they require special methods of solution
(sece Section 4). The introduction of the larger values of Gy ‘and X, avoided the

unstable region in which Go é.nd Xq are increasing and Xq app;ioximate%y follows a
kinetic steady-~state. Tnus these larger values were reséonsible for the. report that
X, has a maximum within two degrees of the hot boundary., For the remainder of the

f.{ame , x. wvas calculated not from the kinetic steady-state approximation but from

.- ) =

Tne equation
ss — 55- SS .
a4 [x/%4 _j/dT =0~ d x,/ar = [xo/xo 1dx,/ar (20)
xoss: the value of Xq given by the kinetic steady-'sta’ce approximation.
The present study shows that tiiis would not be useful approximation for a
soluticn determined by the hot boundary conditions. In the neighborhood of the hot
boundary, a kinetic steady-state is & better approxination by two orders of magnitude
for x, than for x,. Thus for such & colution, Eq. (20) replaces the larger

3
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d [xo/xgs]/dT by zero rather than the smaller 4 [xo /XSSTVQT.
3 73

U =

The previous studies agree within zbout 13% on predicted flame speeds A
(gﬁ. Section 5.6). Although it may be that the assumptions and approximations as j
discussed above did not greatly affect the calculated flame speed, this could only ‘

be proven by repecating the present celculations for the older parameters (gg.
Section 5.6).

The following considerations suggested that it would be worth-while to |

determine how a change in the specific rate for free-radical recombination would s

affect the calculated M. Table T shows that radical recombination provides one .
of the most important terms in R., the net rate of O atom production, until R

becomes positive. As this occurs, RO » and therefore Go ,begin a much more

2 A

rapid rise to provide the major changé in GO . Therefore, it seemed possible that J

i

J

a change in recombination rate might significantly affect the temperature at which
R. becomes positive. The resulting shift in the temperature at which Go begins

3 /

its rapid rise would change M. This suggested that if there is any flame in which i
recombination rates have a marked effect upon burning velocities, ozone might be one. #
‘ {

The tests were performed using somewhat different free-radical diffusion i
coefficients (Ei' Section 5.5). Two different caleculations were made with the f
specific rates of Section 3: j
M : CO\, (ac) P=M 603 (zc) {

bt )

0.07736 0.0y 0.05490 (e1) j

0.149 0.357> 0.305918 :

According to Section 5.6 the product P o-n he apoproximated roughly as a linear funct;on
of G, (Z ). A straight line through th: data of Eq. (21) gave

= 0.05958 M = 0.1617. (22)

_A third calculation with doublcd rates for atom recombination and Jissocia-
tion and the same value of M gave:

M = 0.149 Gy (zc) = 0.3986 P = 0.0593G, (23) 4
3 -
The agsumptlon that a4 P/d G ©Z ) would be about the same for the data
of Egs. (21,23) gave j ¢

= 0.05981 M = 0.1623 (2%)

Thus a two fold increase in 11 recorbination rate gave only a .43
increase in M.. Therefore7the sensitivit to free-radical recombination and
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dissociation rates app:ars to be of the r=me order for the ozone system and for a
previously studied free-radical systen 2t In the latter flame a 300 fold decrease
in the free-radical specific rates increrced M by a factor of about 1.3. Inspection
of the calculations suggests that the ¢i. ference in the direction of the shift can

" be attributed to the fact that an incres:e in free-radicel rates™in ozone disturbs
the kinetic steady-state approximation for O3 in the region about the hot boundary.

2.2 Energy Transfer; Constant Specific /nthalpy Approximation.

For consideration of the relwc’ive contribution which various physical T
processes make to energy transfer, the tecrms in the energy balance equation (lc)
will be regrouped. Since the equation assumes an asymptotic approach to thermal and -
diffusion equilibrium as Z - + «, the cnergy conservation can be conveniently expressed
in the form

\

M Z. HG /m, -\ daT/aZ = ¥ 2im 2 _H.G,/m.
1 11 1 111 1

ERRICT W RN N

M gig (H/n) | | (25)

TN i

- Z = erihainy/n
H iHixi e.rthalpy/mol )
m = Ifimﬁxi = 2 orolecular weight.
The first term in Eq. (25) . be wriiten as the sum of a term due to

v

diffusion and a convection term due <. “ae mess averaze gas velocity:
M (H/m) +n T Hox [ - \oT/dz
=M 41 (i/m) (26)
Vi : the diffusion velocity of species i.

In order to show the relativc imporiance of the three processes in dimension-
less units, the following ratios have l.cen graphed:

B T S T R Tt L .oy

N .

_ Diffusion Te . Z BV

RDIFF = LuSicC : - _ i
Conduction T N 2T/az (27) .

Convection 71w 3 THE/MN

ROONV = & Suction Toru N ar/az ’

* In this system, Reaction (1) is the idecalized analogue of a free-radical
dissociation-reccmbination reaction.
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Since AT/AZ approaches zero a3 Z - 2 . and has a limiting value of

Toro as 4 = o, it is gpparent tnat RUCIV must §Rcfease as Z - 2 and must approach
nTinity as Z - + o, In contrast with the idealized flame prev%gusly studied, for

ich convection was the least important process, Graph 5 shows that convection is the
05t imortant process throughout the ontire flame and is over a factor of 10 more
irportant throughout the hottest region witil G, has attained between 0.4 and 0.5 of

s limiting cold boundary value. Hirschfelder 2 has shown that when the approxima-
tions of Egs. (1b, lc) arc used, the enthalpy per grem is constant +—> all Lewis numbers
avre unity. Thus the processes of diiffusion and thermal conduction are of equal
irportance s— RDIFT = 1 «— the speciiic enthalpy is constant <«— a1l Lewis piuisirs ere
unity. Thermal conduction will be tle more important process+—=>RDIFF< 1« H .f,imz_m H.

B3

v o=

SeHbD
~r €
4o

pl

Graph 6 of RDIFF shows the quantitative effect of non-umit Lewis numbers upon the
reletive irmortance of the two processes. The ratio nas the same gqualitative variation
found in an idealized system for "light" free-radicals (those whose binary.diffusion
coefficients are larger than the coefficients for major component pairs) : diffusion
is the more irportant process in the hotter region (-r > 0.75) and thermal conduction

is the more important for (v <0.75).

The suggestion has been made that the constant specific enthalpy approximation
might be used to determine one of the mol-fractions.’ This approxiﬂation has been
applied specifically to the ozone flame by von Kdrman and Penner 30. Let

a’: be the species such that Halxal is the largest term in

B =nt ZHx, . (28)
'I'nén, at this point the ratio
i = (H/m) - xim, (H/m) - . . i (29)

Zim,  (i/m)

Shows the relative error in x_, that would be made if this approximation were
used. For this ozone flame, Graph 7| shows the variation in the error which is never
greater than eight per cent. However, if thic epproximation were used in any theoret-
ical calculation, the effect on the integral curves might be greater than the effect
at one arbitrary point.

-~

5.3 Heat Release by Radical Recombination.

To test the suggestion 1 {hat, since radicals are highly energetic species
they might serve as an important means of energy transpert by diffusing toward the
cold boundary and recombining, the rclative contribution free-radical recombination
makes to the total volume rate of heat relegSﬁ dw(l}c: to gﬁem)')cal reaction

L Yo T Yo

T TR TEE - - 7 (30)
HREL = 1 (H03 Hy hog) + R, (H; HO3 2502) + 2R, (HOV2HO;7

is given by Graph 8.
Contrary to this suggestion, the contribution of the main combusion reaction

in tne colder region is more important by an order of magnitude. This contrasts
strikingly with the fact that the fraction contributed by radical recombination 2 1/2

for sufficiently hot T (% = 0.77).
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For th: ozone flame, HREL is qualitatively different than a previously
studied idcalized flame . In the latter :lame Reaction (1) is the analogue
of the rccombination-dissociation reaction. It contributes much less than a few
percent of the total volume rate of heat relecase. Whereas in the ozone system,
dissociation is completely negligible and the contribution is always positive, in
the idealized system the contribution is votn positive and negative. This is
qualitatively the same as the contribution of’ the Br - Br2 reaction in the H2 - Br2

system. :

5.4, Spatial Separation of Processes.

There are both experimental and thecoretical reasons for examining the
spatial separation of processes in the ozone flame. Theoretically, study of the
relative importance of processes in the neighborhood of the hot boundary might
sugpest useful alternative models. Experimentally, studies of the methane-oxygen
system have shown that the adisbatic model (which is used in theoretical studies)
is rather good for that system: egbe calculated and corrected experimental flame

temperatures differ by only 10°

What is of particular interest here iz that the methane-o:iygen flame
has a rather marked separation into threce spatizl regions 20a . (l) a low terper-
ature region, commonly e:pccted in flamcs, in vhich there is comparatively little
chemical reaction but a merked temperature rise due to energy transport; (2) an
intermediate temperature region dominated. by ong sequence of reactions; (3) a higher
temperature region extending to the mex imuwa Tleme tomperature dominated by a
different sequence of reactions. The Tektle 7 of reaction rates and the Graph 9
of © () [cf. Eg. 167 shous the sepcrction of “he ozone Plere into the first two
regions. The scparation into two ditffcrent kinotic regions will ncw be demonstrated.
Yhen the temperature is still 200° (79 -+ 114%%) telow its limiting not boundary
value, the fuel mol-fraction has decrezsed tc 107> of its maximum value which oceurs
at the cold boundary. Conversely, x. ic s5till 0.87 of ifs maximum value. Both are,
of course, orders of magnitude greatdr tnan those for complete thermodynamic
equilibrium.

Inspection of the grapns (10,11,2) vor the mol-fractions and fractional
mass~-flow rates shows the greater importance of changes for 0 atom in this region.

In terms of reaction kinetics:, "RD > -RO » 0 and RO/RO increases rapidly
i} 3 3

"2 of over 100 [cf. Table 7). Thus,in this

with increasing T until it reaches a vol:
region the net rate of free-radical vro
rates shows the importance of recombinztion to the net production. For example, at
T = 1143°, recombination contributes 0.8: of ihe totel (negative) net rate of pro-
duction. This recalls Fristrom's 29 obrervesiion thet recorbination reactions must
be important in the high temperature re::

5.3 on heat reclease has already shown th:s O recombination is the dominant source
of heat relecase by chemical reactions in thic region.

Just as Ro dominates RO in kinetices, GO dominates GO by two orders of
3 3
magnitude so thal frec-radieal mass-Tlow nales a more ilmportant coniribution to
energy conservation than fuel mass-flow docs.

cn is more important. Table 7 of reaction

i
4
i
4

PP N
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n of the methane-oxygen flene. The Section
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[¢f. Eq. (22)1 compared with M =

As Section 5.5 shows, there is an aporoach to diffusion-eguilibrivm
prior to thermal equilibrium. Conv<ersely, there is no approach to chemicel

equilibriun prior to thermal equilibrium. Both x| and x .- increase rapidly with

0 O3

respect to thermal equilibrium values, although not so rapidly as in a previous
study 0. Thus at a temperature onz degree below the hot boundary temperature,
x. and x. are 77 and 79 times greater, respectively, than their equilibrium velues

0 03

5.5 The Role of Diffusion.

To provide a basis for estimating the significance of diffusion throughout

average speed for a particle of type i Lo the mass average speed (Grooq 12);
ratios of V./M of the actual diffusion velocity to the total mass flow ravte,

- the flame, two different sets of graphs are given:(i) the ratios (v /v) of the

(2) the

I3

14 (Graph

Although Section 5.4 shows that there is no approach to chemical cquilibriun belore

thermal equilibrium, there is a prior approach to diffusion equilibrium (v./v
Conversely, at certain lover temperatures,diffusion contributes more than the
mass flow to the motion of both O, and of 0. Thus v, /v attains values of 2.7
-2.5 for 03 and O respectively. 3

‘e o s ~ .
von Karman and Penner's approximate ecuation for the burning

~1).
average
5 ané

velocity

predicts that it will vary as Bhe 1nv(r.c sguare root o the ozonc-oxygen molecule

binary diffusion coefficient By accident, there nas clSO been a test
significance of the oxygen atom vinury diffusion coeificients. A key-vunch e
one run, and a duplication error in a sccond alterad
that they vere decreased twenty-five percent aad
in the region of mosi rapid chemical

of Section 3.

5.6 Comparison vith ¥ Cxoeriment and Oo .oz
- alt
The sole experimental dat
deternined for several mixtures. 5
52.2 cm./sec. for the ozone-oxygen ri:
experimental value for the total mac

t a burning veloc
d nerc. This corresvonds

reoor

gave

* His I, cefined by nis Bg. (1) is inver.-ely nroportional

< 2U3

ol the
rror in

their temperature dependence so
ir the x,. diffusion eguation
3 ;a ¢ an estimated I of 0.
1 for the diffusion coeff

1417
icients

ournluu velocities

ity o

to an

13).
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Previous studies by the ﬁut‘nor ha‘/c- shown that for a three comporent
flame, the product of M G, (Z ) varics slovly with G, . (2 ) and cen be rougnly
approximated as a linear HiSetiof. Thern? oC, & Lhcoretu.éa.l value correcnonding to
the experimental GO at tne cold boundary was ectimated by passing a straight linc

through two different calculated values:

M Gy (z ) =0.06653 ~ 0.03086 (Go -0.3769). (33)
3 ¢ , 3
This gave
Mo © v.1812. (34)

Since ProTessor Grosse feels bt this discrevancy greatly excecds the likely
experimental error O , it is necezsory consicGer vossible sources of the disasgree-
ment. Recults of previous calculations wn an ideglizaticn of a free-radical Tlame
can be uscd to suggest probable sources i’ error 53, TFor on approprizte choice of
dimensionless varidbles, it was found 1 counld pe combined with other parareters

pys
to form a dimensionless constant, )1/" viich varied rather slowly with certain
parameters:

RN CHRES

i

and constant pressure
- & species, 3, wnhere :
(2) satisfy its cold (35)

m*, C¥: Tne molec ..

" heat capa.’
adjusted
boundary

k* : any nulv:
f'or onc

net ratce

o Linery

Thus for 13 and 15-T0ld varistiong in
frec-radicols and a 300 {old veariatica .t tus ctio
main conousion reaction to those for frec
factor of 1.8. This suggmests that t.
to either too high a value for onc ¢
and, therefore, A (T); (b) the spec

to d G, /AT in the region of most ro - 7o
two mosi: important “CqulOnS in the < coimain 151
rige in Go arc: (1) Rl ac the nigne - Lres 1.1~.mu t‘ni recl N
3
lower. (Fote thot because of the fai e of the kinctic N
not directly related).  Although furi cxperimental work troul 1 Lc“choose
between the alternatives, it scems los: cly “hat t’nc o1 corduc u.\'.'.t‘ 18 olf
by over g factor of two. t 1s worth - o a1 crnergy for both

the raiio of tne (4)
oty is

L . ) -
BRI and R, arc subject to considerable vacericinty.
specific rate assumed herc 1o the onc nroposed by Bens

2.9 2p [-350/’.1‘]; (3¢

. T
At T = 1000°, a temperaturc in the ranie vhere K, mckes a large contribution,
ratio is approximately two. Corrcction of Bensoli ané Asxworihy's paramcters Tor (7

DN

—

LSO SN N

[ 7N NN S

e,
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accownt of their use of an older cauwilibrium constant gave a higner activation
Lhe one used in this renory >, Apparently this was due to their use

a2l instead of lcast squares ‘data enaiysis 28 . Conversely, flow system
studices fave o lower value which wowld predict a somevhat lower specific:rate at

Tlame temperaiures : ’ : : :

Previous theoretical studics m*edlctcd burm_ncr velocities for a mixture
of similar composition

%o (Zypg) = 0.25 S (31

)

cola

w

- e . ! ! . . -1 32 .
Tor which Lewis and von Elbe repor 2 burning veloeuy of 55 h.=-SCC. 3 .

Tne re,ultu, depending upon the va,l e assumed for the reduced diffusion coefficient
range fromtT or 51 0 to L2 or 46 ¥, There is much better agrecement between their
calculations and experiment than between the results presented here and experiment.

As snown in Section 5.1, it is not certain-that the calculated speecds are
correct for the paramcters assumed. If they arc correct; inspection of. Eq. (35)
shows that the discrepancy between: them snd the present results is .not related in a
simple fasnion to the d&ifference in parameters since:: (l) The values for the. thermal
concuctivity of tne gas mixture used in the two studies are within several percent
of eacn other; (2) According to preceding discussion in this section,- the two
rea(ction§ which.are responsiblé for most of the change in_Go (\qhi'ch '(_ieijemines M)

it : of 3 .

are R, and R,. mxereaa a decn esc in either would decriéase the theoretical M, the

ratios of spécific rates in the present study to those used in the earliér work are:

Reaction - ’ - .Ii: R S ' £
T = 1230° 9.9 0.0k5
g72° 13.1 - 0.07 - . (38)
397° 15.8 0.36 "
5.7 Test of the Si gnificance of the Kinetic Inergy Term in the Equation

of Epcrl_,/ _Jclzmce .

Previously, neuristic argument nes beca given to sunporc the contention
that kinetic energy of over al_l L,a. xlo*: ,ma be an ;mp cvant term in the energy valance
cquation cven “fen visconi NG C %

. sion. The argument suggested
that the former term would be 1*1ost important where there was the greavest cancellation
in-the usuel terms of the equation of energy balance, 1.e., in the neigrnborhood of the
hot boundaxy L, Taerefore, as a check uson the importance of kinetie enérgy, a thirtieth
rder pover. series was constructed including; those terms. The serles sums are:

(-7 _. ) =-0.0225T . :
Tacl maX; ]
m. thout KLEy with KiE. )\ - % Error
G 1.9%00:10 1.9959:210 2.8
. ] = .
% 1.15k00™ 1.1835:0™" 2.5 -+ (39)
3 o -
G, 1.0567:1072 1.0936:x1072 3.0
% 1.6°29:1072 1.9990%1072 2.8
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cic cnergy tema docn not )
ealceulationz on richer ozone flames with
in a later paper) show that it: changes

Although these velues sufr
malie an importent contribution to th's
hipgher movinuna tesperatures (‘Lo be iae
the eigenviduce character of thne proo,*_.z

5.5 Sipnificance of Theorcetl c"_l Flom: Calculniions.
Lo Sendrd 33 ¢bzerved, it s
1o make theorctical calculations. Hf;
a5 a neaas ol studyins chemicel
veloceitics for apnropriate moC_els;.
the facts that flome speeds arce a0t no
schame and that such a comperison conde
and 21l but one speciiic rate which zer
of' a major fucl componecnt were reasonatl
could e very useiul vhen the greater
ture and composition wroliles are knc
determined for onc methone-0zyeen syo
is in progress 3%, 9ncorctical caleil:
in the diffusion equations mede in analy
uncertainty froa double differentiation

re vurning velocitics tha

cﬂ.c.ulat;on, seould be used

ar thecreticsl anc rirental

2 Seetions 5.1, 5.6 illustratcs
sensitive to many nartz of o kinctic
ca’y if the trancport
to the rafe of
Howerer, taeccred
amerimental ciw
onents, T

tudics of tempera-
Lo nave cecn
rec-radicel wrofiles
te tne L.SC of apnrox
erperinental studies and
&1 cata 3°.

63

Mteraztively, they can be
relation petween Tucl ")"‘O‘?C‘""‘ icz and
rfor the particular cosc of cuzone, it
mctcrs will nualitotively alter any

A}

i fownecd on o TLson

unrcpo ted calculations uci 34
were 6 fold larger Tor (1) ancé & not vcuncuery; unrevort-
ed calculations for various aoiisied rted caleulations on richer

ozone nmixtur

6.  ZSummary of Major Conclusions,

ns will ur

Tae rajor conclu
convonient reicrence.

A et e
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ot higher te
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ternative approximation R

“terms of the kinetic steady~state approimation. An
: . . b wh e e

applics. v
(&) Raéical recombinction in this ozone Cleme plays an importart role but only
for temmeratures within about 300° of th2 not »Houndary.

" (e) von Kaimin and Penner undercsiimated the c%mperature range over which
Rl MLO +0 - M+O, would be important. It excceds R} : M0, - 0,+0+HM over a tempera-~
ture- rango of aooét 200°. The effect ci’ this upon tlie flamé velGeity is uncertain.

Sections 5.1 and 5.6. The qualitative differences between the results reported here
and those of earlier studies is due to tiae removing of -certain earlier approximations.

Secfion 5.2.

(2) Convection is . the dominant prucess at all temperatures. Diffusion is more

important than conduction at higher torseratures, less at lover.

(t) The specific enthalpy varict over a range of 38%.

n2r unit volume due to radical recombination
rature lnterval of over 200° about the hot
tion, it becomes negligible in the cooler

Juse there from the hotter regions are effective

Section 5.3. The rate of heat relewse
is over -half the total rate for a tc
boundary. Contrary to a previous s
part of the flame. Radicals which

P;imarily in R2 : O-i-O3 -2 02.

Section 5.4. The spatial scparation of Xinetic processes is reminiscent of the
separation found experimentally in the inethene~oxygen flame. There is no approach

to chemical before thermal equilibriue.

Section 5.5. There is an approach to diffusion equilibrium before thermal (and

chemi cal.) equilibrium. The magnitu.e of the diffusion velocity exceeds the mass
average speed for T < ca. 1020° for ¢ «nd frem about T = 910° to T = 1130° for 03.

Section 5.6. The theoretical M is tuo large vy over a factor of 2. The most likely
rzgor sources of the error are too ldigh values at flame temperatareo of the rate of

Ry & O+l = 0,304H or of Ky : o3+o 2 2 0,,0r both.

Section 5.7. The kinetic energy of overall g flow does not apu.-r o be very
important for this ozone flame. Convarsely, it can not be ignorci for sufficiently

e
rich ozone flames where 1t changes the caarﬂcter of the elgen led: vrobliem.
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Kinetic Studies of Hydroxyl Radicals in Shock Waves. IV
Recombination Rates in Rich Hydrogen-Oxygen Mixtures

Garry L. Schott and Paul F. Bird

University of California, Los Alamos Scientific Laboratory
Los Alamos, New Mexico

Previous workl’2’3 in rich hydrogen-oxygen-diluent flames has shown that in
the final stage of the combustion reaction, several reversible reaction steps are
maintained substantially in equilibrium, while net progress is achieved by the re-
moval of excess species through three-body recombination reactions. The reversible

reactions couple the recombination paths, so that each recombination reaction has

. the same degree of nonequilibrium (ratio of equilibrium constant to the quotient of

the activities of products and reactants), and a single measurement serves to deter-
mine the chemical composition. Kinetics studies in such flames3s>* have shown that

the important recombination reactions are:
' k

H+H4+M ——la H2 + M (1)
o)
H+0H+M——>H20+H (2)

and have provided values of the rate coefficients kl and k2 under flame conditions.

Observations on this reaction system in shocked gas mixtures have been re-
ported in earlier papers of the present series, »7 and have indicated establish-
ment of equilibrium conditions in the reversible reaction steps promptly at the
end of the induction period. This paper reports measurements of the kinetics of
the slow disappearance of OH following its maximum concentration in shocked H2-O2-

Ar mixtures.

EXPERIMENTAL METHODS

Basic shock wave techniques and the ultraviolet line absorptzon method of
determining OH concentration have been discussed in Part 15. However, many mod-
ifications of apparatus and procedures have been 1ncorporated in the present work,
and it is appropriate to present the methods used in this investigation.

internal diameter, 10 cm

The dimensions of the circular shock tube were:
Its con-

throughout; driver chamber length, 192 cm; test chamber length, 373 cm.
struction was of brass, and the interior surface of the test chamber was plated
with nickel to decrease its porosity. Single and multiple layer brass shim stock
diaphragms were used. Evacuation of the test chamber was accomplished through a
side port located 13 cm from the diaphragm position.' Final evacuation was done
with an NRC B-2 oil diffusion-ejection booster pump backed by a Kinney KC 5 mech-
anical pump, Vacuum measurements in the test chamber were made with a CVC Philips

gauge connected to a side port midway along its length.

Shock velocity measurement was made by a series of five deposited platinum
resistor gauges. These gauges were 1 mm by 6 mm and had resistances between 30
and 200 1, They were flush mounted with the shorter dimension disposed axially
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at intervals of 60.00, 50,00, 30.00, and 29.94 cm, beginning 198 cm from the
diaphragm. The gauge outputs were amplified, shaped by 2D21 thyratrons, echoed
after 6.25 usec, mixed with 10 psec timing marks, and presented on an oscilloscope
raster® operating at 100 usec/line. A modified Tektronix 545 instrument was used,

The quartz windows for the light beam used in measuring OH concentrations
were located 1.3 cm downstream from the fourth velocity gauge, some 34 cm from the
end of the shock tube. This setup allowed several hundred microseconds for obser-
vation of the moving gas behind the incident shock wave before the arrival of the
reflected wave from the end plate or the hydrogen driver gas from upstream.

The optical train from the flash discharge lamp to the photomultiplier detec-
tor was mounted independently of the shock tube. The flash lamp was operated in
the way described in Part I5. The lamp itself differed, however, in that the H,0

vapor pressure was regulated at 0.9 mm Hg by NaC2H302 . 3H20 + NaC2H302 at 0°cC.

At this working pressure the luminosity was much freer of spurious fluctuations in
intensity than at higher pressures, and its intensity was only slightly diminished.
A 2.5 cm focal length spherical lens immediately in front of the lamp focused the
luminous region inside the toroidal anode crudely at the monochromator entrance
slit 70 cm away, providing condensation of the beam in the (vertical) direction
along the 2 mm by 10 mm collimating slits on either side of the shock tube windows.
The luminous region itself was substantially as wide as the slits. At the mono-
chromator entrance slit a crude f = 1.0 cm cylindrical lens was used with its axis
parallel to the slit to condense the beam onto the entrance slit and provide for
filling the width of the grating. The 1P28 photomultiplier detector was placed
immediately outside the exit slit of the monochromator.

The anode resistor used was 22 K 2, and 4 ft of RG-71 cable delivered the
signal to the input terminal of a type L preamplifier in a Tektronix type 5u45
oscilloscope. Thus the electronic response time was about 2 usec, which approxi-
mately matches the time inhomogeneity in the gas sample within the 2 mm width of
the beam. Faster response can be achieved, but for recombination rate measure-
ments over periods like 10™% seconds it is unnecessary, and reduction in statisti-
cal noise is achieved by relaxing the time resolution, : '

The oscilloscope photographs contained, in addition to the light transmission
record, a base line of zero photoelectric signal, 'and in displaced positions, a
trace bearing timing marks and a trace of the unabsorbed photoelectric signal from -
a separate flashing of the lamp. This monitor trace was synchronized with the lamp
firing in the same way as in the experimental trace. It was needed because the
lamp signal, while reproducible in shape, was not quite constant over the time o
the experiment. ) . )

The JACO model 8200 monochromator was operated in an air thermostat at
36 t 1°C. The first order spectrum was used with the entrance slit width 0.050 mm
and the exit slit width 0.570 mm., The instrument was calibrated with a low pres-
sure mercury discharge spectrum and set to transmit (ideally uniformly) between
3088.7 < Xairg 3097.32, with transmission decreasing linearly to zero at 3087.98

2 Xair and 3098.13asxair. Precision of the calibration and thermal stabilitv are

estimated at :0.3R. Photographic spectra made with film held against the exit slit
confirmed the isolation of the lines? between R, 20 (A_._ = 3089.0%) and Q.8

- 2 air 2
O ;. = 3096.8R).

Experimental gas mixtures were prepared manometrically from commercial cylinder
gases in a thoroughly evacuated glass-lined (domestic hot water) tank and heated
from beneath to be mixed by diffusion and convection for at least 24 hours before
use. Mass spectrographic analysis of each batch confirmed the absence of unintended

components beyond traces of N2 and C02..
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DATA REDUCTION

The raw data obtained in each experiment consist primarily of the recorded
initial conditions, the shock velocity data contained in the photograph from the
raster oscilloscope, and the OH concentration data contained in the oscilloscope
photograph of the photoelectric signal. Prior to any chemical kinetics analysis
these data are reduced to the apparent OH concentration as a function of time
under particular conditions of temperature, pressure, and concentrations of other
species. These preliminary data reduction procedures are discussed first.

Shock Velocity

Evaluation of the shock wave velocity from the gauge positions and shock
arrival times was done by adjusting each time for small differences in circuitry
response (corrections of a few tenths of a microsecond) fitting the five x,t
data p01nts to the quadratic expression t = + bx + cx“, and evaluating
(dt/dx)~1 at the observation window pos1tlon. Except in shots at 15 and 20 cm Hg
initial pressure, ¢ was invariably positive, and the average attenuation of the
shock velocity was about 1% per meter (0.1% per tube diameter). The heavier dia-
phragms used for the higher pressure shots apparently opened more slowly and some-
times caused the shock velocity to reach its maximum further downstream 0, From
least squares-treatment, the indicated uncertainty in b, which is most of the un-
certainty in dt/dx, was usually a few tenths of a percent. In a few cases it was
as great as 1%, 1nd1cat1ng irregular behavior of the shocks and/or the detection

system, {

Hugoniot Calculations

Solution of the Rankine-Hugoniot equations was carried out by means of a
computer codell to obtain the temperature, density, and composition behind each
shock wave as functions of the initial conditions, the shock velocity, and the
progress of chemical reaction. The computations for equ111br1um conditions were
obtained straightforwardly by the general method of Brxnkley which is incor-
porated in the shock equations code., The restricted equilibrium computations for
selected extents of recombination less than the final equilibrium extent were
made by arbitrarily constrainingl® the number of moles per original mole of ma-
terial in the system. The species Ar, H_, O,, H 0, OH, H, and O were considered
in the computations. Ideal gas thermodyfiamic fufictions for H_, O,, H, O, OH, and O
were obtained from the JANAF tablesl* and formulated for interpolation in the
polynomial form used previously in this 11 and otherlS 1laboratories. Ar and H were
treated as calorically perfect and the coefficients were evaluated accordingly.

Determination of [OH]

The calibration curve relating absorbance and OH concentration used in the
earlier work was an empirical one based on observations of equilibrium gases in
shock waves, For the present work, a much more refined method has been developed.
It is a semi-empirical method based in part on absorbance measurements in equilib-
rium shocked gas, but it makes use of the fundamental molecular properties of OH
to extend the calibration to regimes of OH concentration, temperature, and pressure
where equilibrium observations could not be made.

The calibration program consists of three parts: (1) experimental determination
of the spectral intensity distribution of our OH line source, (2) formulation of
the absorption spectrum of OH on the basis of theory and integrated absorption co-
efficients derived from independent experiments, and (3) numerical synthesis of the
response of tharmal absorber.to the lamp spectrum in order to account, within
existing uncertainty in the absorption spectrum parameters, for the experimentally
determined absorbance of equilibrium mixtures. -The details of these steps are
being reported separately; the methods used and their application to the old, higher
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pressure lamp spectrum are described elsewhere™-, The principal features of the
calibration are summarized as follows. The line shapes and relative intensities
in the lamp spectrum were determined from high dispersion photographic spectro-
grams made by repeated flashes. The source spectrum and the absorber spectrum
were each described in the computations by superposition of lines having combined
Doppler and Lorentz broadeningl?. The line strengths given by Dieke and
Crosswhite? as modified by Learner'® were used. The values of the transition prob-
ability coefficient, F, and the pressure broadening parameter, a, (as defined in
the literatureld) found to describe suitably the measured equilibrium absorbances
were F = 3.50 x 10~% and a = 335 P(atm)/T(°K). These values are in reasonable
‘agreement with those reported elsewherel9,20, Perhaps the present calibration is
not significantly more accurate than the old empirical one in the regime where the
latter was determined, but the extension to other regimes is superior, and the
whole calibration is on a much firmer basis.

The computer program generates the absorbance (-logjg of the fractional
transmission) of the incident spectrum for a specified absorber temperature, pres-
sure, and optical density (product of OH concentration and path length). Points
covering the ranges of these parameters involved in the experiments were assembled
and a numerical interpolation scheme was used to derive the OH concentration for a
series of absorbance values during each experiment., For this purpose an average
temperature and pressure for each experiment was obtained as the mean of the values
computed for partial equilibrium conditions with zero recombination and complete
equilibrium conditions. The absorbance for each optical density in the.table was
first interpolated to the appropriate temperature and then the appropriate pres-
sure. Finally the several measured .absorbances were interpolated to optical den-
sities and hence OH concentrations. A quadratic interpolation formula was used in
each step, with two of the three values of the independent variable bracketing the
desired value. : e - ’

Rate Equation-

The rate equation for the disappearance of OH in a reacting mixture of Ho,
0o, HZO, OH, H, and O is developed for conditions of variable density shock wave
flow 1In a manner which incorporates the recombination mechanism, reactions (1)
and (2), and anticipates the insertion of partial equilibrium relationships among
the several species. Let us define the mole number of each species, nj, by the
relationship ’

en; = [I] (3)

where p is the density in grams per liter and [I] is the concentration of species
I in moles per liter. We then identify the partial derivative with respect to
time (3[I]/3t) = pdnj/dt as the net volumetric rate of chemical production of
species 121, P

Now it has been shown 1:hatl'2’22 in the system being considered, equating the
total volumetric rate of production of all species to the combined chemical re-

combination rate from all paths, R , leads to
recomb
pd(nH t ot 2n0 + 2n02)/dt = -2 Rrecomb' (%)
To formulate Nys D4 and ng and their derivatives in terms of the measurec

[OH], we proceed as follows, Le%

[OH] = a [H]. (s)
Then .

Doy = any (€)

N e




»

S RN P o~ -

p

e e

e~ -

e i

<

e
=

™
e

: 117
and ' 2 : i
pdn,/dt = (p/a)dngy /dt - (pn . /a")da/dt. . (7)

Similarly let

(0] + [02] = 8 [ou]z, (8)

so that
- 2 .

ny + n02 = BDnOH (9)

and
2 2 2
= 2R
od(n0 2)/dt 280 nOHanH/dt + 0 nOHd B/dt +PRo nOHdP/dt. (10)

The scale of time, t, experienced by an element of shocked gas is converted
to the scale 1 at an observation point stationary w1th respect to the unshocked
gas by

= (o/oo) dr (11)
where C is the density of the unshocked gas.

The variables p, a, and B are considered as functions of the independent
variable [OH]. Then from the definition, ecuation (3), it follows that

dnoH/dt = d[oH]/dt (1 - d 1In p/ 4 1n [OH]) (12)

Finally, for conditions in which the recombination mechanism consists of
reactions (1) and (2) and -all dissociation rates are negligible, we express the
total recombination rate, R mb? in terms of concentrations and conventional

rate coefficients by

= Kk [)20H1% + K, (M, ]0HI[OK)

recol

3
Rrecomb (13)
where M. 3 and [M_] are the total gas concentrations acting as thlrd bodies in
recombination reactions (1) and (2).

Then substitution of equations (5) - (13) into equation (4) and rearrangement

of terms leads to

ukz[M2]

“ad(1/[0H])/d =’2(D/Oo) kl fMl] (1 + —E—TE—TJ
171

{ (1 + o+ 5aBlOH])(1 - d 1n p/d 1n [OH]) - d ln a/d ln [OH]
+ 208[0HI(d 1n 8/d 1n [OH] + d In o/d 1n [oH]) }71. (1)

For convenience we now refer to the factor 2 and the complicated expression in
braces on the right hand side of equation (14) as A, and for lack of information
to the contrary, identify the third body concentrations [Ml] and [M2] with the
total gas concentration, [M]. Thus the rate coefficients are referred to the
experimental gas mixture, and we re-write the rate equation as

ad(1/[OHD /AT = A (p/p,) [MJ('kl + ak,) (15)

Equation (15) has been cast in this form in anticipation of finding the dis-
appearance of OH to be effectively second order in OH and of determining the slope
of an approximately linear plot of 1/[OH] versus 1 from each experiment.




RESULTS

Experiments have been done with three different gas mixtures, whose compo-
sitions are given below:

Mixture ' . A )

Designation %H2 %02 bAr
R-1 4,03 1.00 . 94,97
R-2 2.02 0.50 ©97.u48
R-3 8.07 ) 1.00 90,93

The results of thirty-one experiments in the temperature range 1400° < T < 2000°K
are assembled in Table I. In these experiments, the plots from which d(1/{0H])/dr
was determined were approximately straight over the entire interval plotted, which
in most cases was from about 50 pysec to about 500 usec after passage of the shock
front. During this period [OH] fell from the values given in column 3 to those
given in column 4, Column 5 contains the slopes derived from the plots. Columns 6
and 7 contain the values of [OH] and- temperature computed from the initial data and
shock velocity for each experiment on the basis of equilibrium with respect to all
reactions except dissociation-recombination reactions and no change in the total -
mole number n = ¥ n,, from the value n_ in the unshocked gas mixture. Implicit in
these computations are the relationships:. ..

a = [OH]/[H] = K, glH01/TH, T - : o - (1e)
and . . : : . ‘
- 2 _ . S L
B = ([0] + [0 1)/[OH]" = Klg/cﬂzo] + Koo/ UH,] - (17)
where K, , K;q, and,Kzo‘ére’the equilibrium constants for the reactions
H + H20 = OH +,H2 - ’ = (18). -
OH'+ OH =H,0 + 0 ‘ o (19)
and : L
OH + OH =H, + 02. - (20)

Complete conversion of the {nitial 0, to H_O with no production of OH, H, or
O corresponds to final values of n/n_ of §.990 1In mixtures R-1 and R-3 and 0.995
in mixture R-2, and computations show that [OH] varies approximately linearly with
n/n_. o
(<)

To interpret d(1/[0H])/dt by equation (15) for conditions prevailing early
in the recombination reaction, computations were made of partial equilibrium condi-
tions with n/n_ = 1.000 and n/n_ = 0.999. The values of [M], a, (p/p_), and B [OH]
vwere taken as the means of these two computations, and the logarithmié derivatives
which appear in the factor A were approximated from the finite differences between
these two computations. [M] and @ so evaluated are listed in columns 8 and 9 of
Table I. (p/p ) was invariably between 3.2 and 3.6, The factor A varied system-
atically from 9.7 to 1.0 as a varied from 0.01 to 0.l.

The derived values of k. + ak2 given in the last column of Table I were
obtained from the measured s}opes in column 5 by multiplication by the factor
ap_/ p[MJA. The following values of k., and k_/k, have been derived by linear least
squares fitting of the entire set of v3lues o kl + ak in Table I and the indi-

cated subsets thereof. 2

N
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Group of Experiments k) k2/kl
T range [M] ransge Mixtures No. liter'zmole-zsec-l
(°K) . 3 - -8

mole/liter x 10 x 10

1400-2000 8-36 All 31 6.6 7.1
1400-1700 8-36 All 17 6.1 11.4
1700-2000 - 9-30 All 14 5.9 . B.5S
1400-1700 8-10 R-1,R-3 6 5.6 17.8
1400-1700 17-19 R-1,R-3 7 : 6.1 9.5
1700-2000 9-10 R-1,R-3 & 6.6 7.7
1700-2000 17-19 R-1,R-3 L) 4,9 14,0

We conclude that k, in an atmosphere consisting primarily of argon is

6t 1x 108 liter2mole- sec-'l between 1400° and 2000°K, and that kQ/k =10 ¢t §

under these same conditions. No variation of either k. or k_/k, with temperature
can be established., When the points are plotted, a small trénd toward lower
apparent rate coefficients at higher values of (M] or [0OH] is shown between the
groups of goints in mixtures R-1 and R-3 with [M] = 9 x 10~3 mole/liter and [M]

= 18 x 1077 mole/liter, However, this trend is not consistently borne out by the
few experiments at still higher densities or the rather scattered data from
mixture R-2, Such a trend may or may not be due to a small systematic error in

the OH absorption spectrum calibration.
-

To be sure, significant departure of a from the assumed partial equilibrium
value of Kig [H2O]/[H2] would lead to serious error in the rate coefficients
deduced. However, the available data2?3 on the rates of the bimolecular reaction
paths by which this equilibrium is approached indicate that o does not depart from
its ideal value by more than one percent under the conditions of the present ex-
periments. Departure of [0] and [0,] from their assumed equilibrium relationship
to [OH] would be less serious in thé rich mixtures studied here.

The composition of the gas acting as the third body in the present work
differs greatlv from that which has been used in any of the other studies in this
system, and the rate coefficients determined cannot be compared in detail, The
values found here are generally lower than those reportedds* in mixtures composed
primarily of H,, N,, and Hp0. Within our own experiments, the only component of
[M] to vary appreciably and systematically as a was varied is [H_, ], which was
about eight times as large (after formation of H,0, H, and OH) ifi the experiments
with mixture R-3 as in those with mixture R-2. f H,_ were markedly more efficient
than Ar in catalvzing reactions (1) and (2}, the apparent rate coefficients at
lower a would be increased, producing higher k, values and lower k /kl values.
Other workers3s* have not found evidence for marked efficiency of 32 s third body.

GASDYNAMIC INSTABILITY

-Nine additional experiments were attempted at temperatures between 1100° and
1300°K. These yielded apparent rate coefficients which scattered between 50% and
200% of those found above 1u400°K, In several of these experiments, particularly
those at higher densities, there were undulations of. the OH absorption record and
other indications of spin-like instability in the flow behind the shock wave. In-
vestigation of this behavior is outside the scope of the present paper. However
it may well be that such instabilities are in fact present in the higher temperature
experiments, but their scale is evidently fine enough not to disrupt the kinetics

dramatically.
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RATE AND MECHANISM OF THE HOMOGENEOUS D/H SUBSTITUTION

REACTION BETWEEN CZHZ and DZ’ as STUDIED IN A SHOCK TUBE

Kénji Kuratani and S. H. Bauer

Department of Chemistry, Cornell University
Ithaca, New York

INTRODUCTION

One of the most intriguing facts which came to our attention during the course of our shock
tube studies is the occurance of unsuspected reactions which take place at high temperatures,
but under conditions which heretofore had been assumed to be insufficiently severe for appre~
ciable reactions to occur. One example, discussed in detail in this paper, is the reaction
between acetylene and hydrogen at temperatures up to 1700°K. When one mixes acetylene and
hydrogen at these temperatures no change in the concentration of the acetylene can be detected
for as long as one millisecond. During this interval, each acetylene molecule is subjected to
an enormous number of collisions with argon (the ambient gas), acetylene and hydrogen mole-
cules. That the acetylene and hydrogen are actually involved in an extensive association
reaction, but that the acetylene is rapidly replenished by the reverse processes, becomes
evident when deuterium is used in place of hydrogen. The mechanism derived from our
studies have given us an insight to possible structures of the transition states of acetylene
and of ethylene. The following special features of shocks of operation are thereby demon-
strated:

(2) the samples are heated very rapidly and homogeneously, and
(b) it is possible to follow in time a sequence of steps for a selected reaction.

EXPERIMENTAL

The Shock Tube

The studies described below were conducted in a stainless steel shock tube, 6" in
diameter, for which the driver section was 8 feet long and the driven section 22 feet long.
Observations were made by recording the infrared emission at selected wave lengths for
incident shocks. The windows were located 18 feet downstream from the diaphragm.
Shock speeds were measured with platinum strip thermal detectors and displayed on a
raster; the pressure profile was monitored at the window position with a rapid-response
Kistler piezo-electric gauge. Mylar diaphragms in a variety of thicknesses were used
and in all cases were ruptured by exceeding their yield pressures. The experimental
section of the shock tube was pumped down with a diffusion pump to pressures of the order
of 1 x 104 mm mercury; the leak rate was less than 1 micron per minute. Shocks were
run between 2 to 3 minutes after filling the tube with pre-mixed gas samples.

The Optics

Infrared transmitting windows of calcium fluoride were mounted flush with the inner
walls of the shock tube. These are 2" in length and 10mm in width. The monochromator
is a modified Perkin-Elmer instrument in which a 83 x 83mm B and L grating, 150 lines
per mm, blazed at 6u for the 1st order, had been inserted. A gold-doped germanium
detector, liquid nitrogen cooled, was mounted at the focus on a Cassegrain mirror system,
which served to reduce the image of the exit slit by a factor of 6. External mirrors focused
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a Nernst glower at the center of the shock tube. The image was then transferred by off-

"~ axis paraboloids and flat mirrors to the entrance slit of the monochromator. The glower

was used for alignment of the optics and wave length calibration of the monochromator.
In the parallel ray portion of the external optics a 150 cps sector and various test cells

- can be inserted. When used in this configuration the detector output was registered by
- a tuned amplifier and pen recorder. To limit the transit time for the shocked gas various
* masks were inserted in front of the mirrors. For a signal/noise ratio of 15 to 1, the
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spectral resolution of this system as calibrated with HBr lines was found to be:
At 3195 cm’l, with slits 0.4~0.8 mm : 11.4 cm'l/mm slit

2555 cm‘l, with slits 0.5~0.7 mm : 7.3 em™ Y/ mm slit
it

The design features of this system have been described;} as constructed performance -
proved superior to that anticipated in the design.

The Sainples

Various mixtures of acetylene, deuterium and argon were mixed in glass-lined tanks
of 200 liter capacity and allowed to remain at room temperature several days before use.
The deuterium was the best available commercial grade and was used without purification.
The acetylene was washed thoroughly with concentrated sulphuric acid to remove the acetone.
The shock tube was cleaned after each run, Since the reflected shock temperatures were

_considerably higher than those needed for the incident shock exchange experiments the

acetylene was extensively pyrolyzed by the reflected shocks. Much carbon soot had to
be removed from the tube walls and the windows after each run.

Selection of the Analytical Frequencies for Acetylene

To select the optimum analytical frequencies at which the unsubstituted and deuterated
acetylenes emit at these elevated temperatures and to determine the extent of their mutual
interference theoretical intensity envelopes were computed for the various bands, based
on the reported rotational constants for the ground and first excited vibrational states of
acetyleneza’ b,¢,d These are illustrated in Figure 1. For estimating the concentration
of acetylene present we selected the frequency 3195 cm™ , at which the contribution by

exceeds by a factor of 8 that due to C HD At 2555 cm™1 the relat1ve contribution

due o} C HD is largest.

Quantitative calibrations were obtained at these selected frequencies., Note that
at t = 0 (immediately after passage of the shock) all the acetylene is present as
C_H_; whereas at a sufficiently long time, when the sample had attained equilibrium
under shock conditions, its composition may be computed from the known equilibrium
constants for the isotope exchange reaction. Thus, at t = 0,

1,=g [ (C,H ~c (C,H

o =8Le (C,H,)c )]x3195
in whlch g represents the geometmc factor of the optical and detecting system, <, is
the initial concentration of the C_H_ (in moles/1) and € represents the emissivity of the
gas at the shock temperature. r%hermore at equilibrium (t—+ «),

Io= g[e(C g (C,H,) + € (CHD)-con (CHD) Xy, o

' \Nofe that at 3195 cm the contr1but1on to the emission by the fully deuterated acetylene .

\

%

¢

is negligible. In the above equations it was assumed that the concentrations are sufficiently
low 8o that no correction for self absorption need be made, fen-pelf-abserption. One can then

1



124 .
obtain the ratio Iao/Io, and since the ratios of the concentrations of the species may be
computed, the ratio ¢(C 2HD)/e (C 2H2) may be evaluated.

1, °°(CHy)  &(CHD)  cu(CHD)

I, ¢ (C,H,) €(C,H) ¢ (CH,)

Typical data are given in Table 1.

The ratio of emissivity coefficients at 2555 cm_1 were obtained by a similar procedure.
In this case however one cannot measure I sinceat t = 0 no C_HD is present and the
emissivity increases relatively slowly fron? I = 0 at t = 0. Inpart, this is due to the
finite time for vibrational relaxation of this mode, and the resolving time of our detector-
amplifier system. Instead we must use I’, which is the emission intensity measured

under the identical experimental conditiong for a mixture of C 2H 9 + Hz.

Io(CH, + D) = g[e(CZHZ)-Cm(CZHz) + e(c2HD)-cm(02HD)]12555
' - .
I(C,H, +Hy) = g[e(CoH )e (CH) i, oo

Lo(CH, + D,) _owlC H,)  €(C,HD) cw(C,HD)

, =
I (CH,+H) ~ c_(C,H,) €(CH,) ¢ (CH,)

The results are included in Table I. Hence, the emission intensity recorded at each of
the frequencies is related to the corresponding concentra tions by:

I (3195)u[c(02H2) +0.48 ¢ (CZHD)]

' .
I (2555)=¢[c(C oHo)+3.10 ¢ (C,HD)

Calculation of Shock Parameters

The gas temperature behind the incident shock (T ) and the gas density ratio cross
the shock front (p,_/p,) were computed from the measiired shock velocities and the known
enthalpies of the gas€ous mixtures. The initial temperature wesassumed to be 298°K, No
correction was made for the very small enthalpy change due to the isotopic substitution.
It was observed that the shock speed attenuated slightly during its passage down the tube;
the measured values were extrapolated to provide the shock velocity at the plane of ob-
servation,

THE KINETIC DATA

s . . -1
Kinetics of the decrease in C 2H 2(as measured by the emission intensity at 3195 cm ")

When a mixture of acetylenehydrogen and argon is shock heated to a temperature in
the range 1300°K to 1700°K the emission intensity rises sharply to a level which depends
on the concentration of C2H2, due to the compression by the shock and the vibrational
excitation of acetylene to the 1st level. This emission remains constant over the period
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of obscrvation, Further, when deuterium and argon are shock heated under the same condi ”oogs
no appreciable emission is observed. However, a mixture of acetylene, deuterium and argon
produces a sharp rise in emission which slowly decreases with time, We propose that this
deereasce is due to the conversion of some of the acetylene to deuteroacetylene. To a first
approximation (o be corrected later), the emitted intensity is proportional to the product of

a geomelrical factor, the sensitivity of the recording system, and the instantaneous con-
centration of the acetylene. Let p‘2) represent the gas density immediately after passage

of the shock. Then one may write

o]
Py @ _ d-p(C H,) , €(CHD) d-p(C,HD)
I, dt dt €(C,H,) dt

only

for the rate of change in emission with time. Note that in the analysis given belowAhe initial
reaction rates were considered, as derived from the initial slopes of the emission intensities
as recorded by the oscilloscope. The time scale observed on the oscilloscope trace must
be multiplied by the density ratio across the shock front (p_/p,) to convert the "laboratory'
reaction rate to particle time. The initial reaction rate constant is then defined by the
equation: po )

2 Al n m I
R0 I0 t o =k (C2H2)o (DZ)O (Ar)o :

To establish the reaction order for this /%Eﬁhlgg eect to D_, values of R were plotted
against 1/T for a series of shocks in which the initial C_H_ and AT were almost
constant but (D_) differed by a factor of two, see Figure 2. The aifizerence in rates over
the temperature range covered is equal to m log 2, so that m =1 is experimentally de-
termined.

To establis(p the order of the reaction with respect to the acetylene, the observed
values of Ro/p (D_) were plctted against the reciprocal of the absolute temperature: see
Figure 3. In this graph three reference temperatures were selected, centered at regions
for which there were significant numbersof points. Effective rate constants at different
temperaturcs were reduced to the nearest reference temperature by readin% rates parallel
to thc average slope. Then the logarithms of these reduced values of Ro/p (D) were
individually plotted (for Tl’ T, T3) against/logarithm of the density of acety?enc: see
Figure 4. The slopes vary somewhat with temperature; they are respectively,

n = 0.20+0.01 at 1350°K
= 0.20+ 0.03 at  1455°K
= 0.23+ 0.03 at  1612°K

Wec have adopted the average n= 0,24,

The overall order for the exchange reaction as measured by the rate of disappearance
of thé C_H _ was then obtained from a series of experiments corrected to a single temperature,
in which the total pressure was changed by a factor of 5, while maintaining the composition
of the mixture constant. In these experiments the concentration of each component may be
expressed in terms of a single variable which could be the density of the acetylene. The
slope of a logarithmic plot of the initial rates againsi the logarithm of the initial acetylene
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density thus gives the total order. The result of six runs in which the acetylene density varied
from 0.53 x 10~3 to 2.51 x 10-3 gave at T = 1455°K a value for m+m+2)=1,20+0.05,
Since it was established above that m = 1.0 and n = 0. 24 it follows that £ = 0; that is, the
argon concentration does not affect the intial rate of disappearance of the acetylene. The
rate constant kH as evaluated on the basis of the equation
0.24 1.0 0

Ro=ky CHyy (DY An),
was plotted against the reciprocal of the absolute temperature: see Figure 5. The deduced
activation energy is E_ = 33.8 + 0.4 kcal/mole, and the corresponding log A = 7.9, for
the rate of disappearance of acefylene due to reaction with deuterium, in the temperature
range 1200° to 1700°K.

-1
Kinetics of Production of 02HD (as measured by emission at 2555 cm )

The procedure for measuring the growth in concentration of C_HD during shock and de-
duction of the corresponding rate law was essentially the same as ghat described above for
the disappearance of C_H_. In this case there was a small additional complexity. The
acetylene originally present in the shocked gas produced a large emission at zero time.
This showed up as a step function with a finite rise time, due to the combined effect of
the vibrational relaxation of the C_H_, the resolving time of the recording system, and
the particle passage time as the sﬁoc2k sped by the calcium fluoride windows. Below 1600°K
this emittgad intensity showed a rapid initial rise covering a period of about 20 microseconds,
followed/‘a.?( almost linear slower increase due to the production of C_HD by the exchange
reaction. Above this temperature the inflection point could not be easily detected; hence
the data cited below were restricted to runs made below 1600°K. Again it was established
that the order of the reaction was unity with respect to the initial deuterium concentration.
As tested previously, R /p0 (D_) values were plotted against the reciprocal temperature .
and the points were corrected t0 the reference temperature of 1470°K. The reduced
RO/pO(D ) were then replotted against the density of acetylene. The slope of this curve
gave Ior the order of the reactionwith respect toacetylene n= 0,24 4+ 0.04, checking
the value deduced for the rate of disappearance of C ?H . Another pl(_)t provided a value.
for the total order, which proved tobe 1.24 + 0,07.° ’I‘%ms we have demonstrated that
the rate of appearance of C_HD and the rate of disappearance of C_H_, under the con-
ditions of our experiment follow the same functional dependence on theinitial concen-
trations of reactants. A plot of the reduced rate constant against the reciprocal of the
temperature is shown in Figure 6. The activation energy is E = 29.3 + 1.1 keal/mole
and the corresponding log A = 7.5, The limits of crror quoted for E. and E__ are based
on the internal consistency of each set of runs; we consider these activation energies to be
equal within their absolute limits of error.

Corrected Values for the Rate Constants

In the preceding paragraphs it was demonstrated that the functional dependencies of
the rate of depletion of C_H_ and the rate of formation of C_HD on the initial concentrations
of the reactants and on thé témperature are equal. It is now possible to correct the
apparent rates, deduced directly from the changes of the emission intensities at 3195 cm™
and 2555 cm'l, to obtain absolute rates, by noting the relative contributions of each species
to the intensities recorded at these frequencies:

1
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dC.H : ‘ ‘
e oy S €(C,HD) dCHD o, oss dC,_HD
ky (CoH, 2 dt eC 1) a T T Ta POV Ty
 “3105
o dC.H €(C_HD dCc HD  dC H H
vy Py = - My | [ECGIDT 4GP e, + 5.10 dC,HD
274 2 at L <CH,) at at dt
~ 2555
On rearranging terms:
_dcH, L o) - 310k, +0.48 02 )
dt C,H, 272 D))= T3 70-0.28 272 D,
+d02HD=k (CH)OM:D)_kﬁ“LkD % o)
T C,HD 274 D) =310 -0.a8 Cta) @y

Specifically, at 1470°K,

kCzH2 =1.17 x 10° (Iiter/mole)o'24 sec !

X =0.82x10° (iter/mole)’"2* sec™*

C 2HD

We thus find that the rate of increase of C_HD is almost equal to 2/3 of the rate of decrease
in the C 2H . Since the acetylene is removed only by the isotopic exchange reaction (as
demonstra?ed by the fact that C_H_ plus H_ does not show a decrease in the emission at
3195 cm‘l), it follows that the remaining %/3 of the C_H_ leads to the production of C 2D .
The rate of production of C 2D2 is then roughly 1/2 of t?ha% of C ZHD' 2

To substantiate this conclusion we cite rough analytical data obtained in a single-pulse
experiment based on a sample composition and temperature pulse comparable to that used

for the infrared runs. Mass spectrometric analysis of a shocked mixture of C 2H 9 + D2
showed:

(@) The amount of H_ generated was definitely less but comparable to that of HD,
(b) The decrease in %he amount of S(?H o Was larger than the amount of C 2HD generated.
A .

(¢) No methane or ethylene was produced. .
A few preliminary IR runs at 2350 cm~1 showed that emission due to C_D_ did rise following

shock heating of a mixture of aéetylene and deuterium. However, this experiment was not
completed and no quantitative data on the rate of production of C 2D2 were obtained by the

infrared technique. .

- The weighted average of the energies of activation obtained from the Ink vs 1/T plots
(using internal consistency as the basis for weighting EH and ED) is 32.7+ 1 keal /mole.

This leads to:
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0.24 -1

ke ZH«Z-;-%.S,.S x 10_7 exp(- 32700/RT), (liter/mole) sec

kK. Z6.0x10° éxp(-32700/RT), - (itet/rmole)’ 2 sec™t
CHD S2100// D,

Typical sets‘of‘. lata are siimmarized in Table II. "These are but examples of the large
number of shocks run. The. values given are for the 3195 em™1 band. .

DISCUSSION OF MECHANISM

A thorough search of the literature has yet to be completed. To date we found only
one report on a gas phase study of the (C_H_ + D_) reaction, Coats and Anderson® heated
equimolar mixtures of the two gases in Zg n21‘l bul%s for 2 - 10 minutes to temperatures
500° ~ 900°C, at a total initial pressure of 300 mm Hg. The reaction bulbs were allowed
to cool to room temperature and their contents were analyzed. In view of the diversity
of products produced (ranging from methane to benzene, toluene and carbon deposits)
heterogeneous steps evidently played prominent roles in these conversions. Their
product distribution suggested that free radical reactions as well as molecular processes
had occured. There are, of course, numerous reports on the rates and mechanisms of
D/H substitution in hydrocarbons as catalyzed by a variety of surfaces,/%g induced by
radiations which generate atoms. In the latter, the primary attack is an atomic dis--
placement or an abstraction: '

The pyrolysis /é(getylene in shock tubes has been investigated4. In this l%boratory
shock tube studies of the homogeneous' substitution reactions between (NH_ + D_)",
(st + D2)5, and (HC1 + D )6 have been completed. For these systems the raté€ laws are
significant different in thag they show an overall second order dependence, in constrast
to the overall 1.24 order dependence deduced for (C_H_ + D_). The observation that the
activation energy is low (~33 kcal/mole) and that thé rate dépends on the first power of
the deuterium concentration argues against all the chain reactions we have been able to
devise. Indeed, the observed rates are much too high to be consistent with the known’
or estimated homogeneous rates of dissociation of D_7 and of C 2H —C 21-1 + H. Finally,
the fact that the rate of production of C 2D is about half of that of E HD 5uggests that
these species are derived from the sanie ?ra.nsition state, which we designate C 2H 2D 2*.
The following mechanism is consistent with all the observations. .

We postulate the occurance of two types of unstable intermediates:
(@) C_H Z-D , which is a molecular complex between acetylene and deuterium, and which
is pa.t%iéula;z?ly sensitive to dissociation by collision with another acetylene; and
(b) C_H_D *, which is an electromecally excited ethylene, with V, symmetry, approximately

3 e.v.‘?’agovze the ground state [:E + AH (C_H_ )= 3 e.v. [, Bpecies in this state have

a much greater probability for dissociaulgl & fo%' 1%1terva1 conversion to stable etheylene.
The formal rate expression is based on the sequence:
k.1

CoHa* Dy 17 Cofla'De
Ko

Lo L
CZHZ D2+CZH2 '1-{-—27 2C2H2+D2
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H_-D
C2 2 2 kg CZHZDZ

* > . —_—
CoH,Dy e C_HD-HD —> CHD +HD

C

kz((_szz)

C ¥ —> D
2H2D2 k_, CZ 2

. _—
s H2 C2D

k_1 + H2

2

T

k2(C2H2)

The production of C_H_-D_ via (-2) may be neglected because it is a three body process;

it appears that Ar 71s not an effective third body for (1), and hence is correspondingly in-
effective for (-1). Also, during the initial stages of the reaction, the reverse steps involving
C_HD and CzD are negligible. Schematically, the sequence of structures is

diagramed in Ezlgure 7.

D _* and

On applying the steady state condition to the transient species C2HD-HD, 02H2 9

CZHZ-DZ, one readily derives:
d(CZHD) klkBO‘ (Dz)(CZH2)
dt 2 k2 1 +a(02H2)
where o = ¢ k23
kity K

For the initial rate of production of CzD a similar expression follows, but the coefficient
is k k., /4 k_. For the initial rate of 3eplet1'on of C_H_ the identical functional dependence

is oblta:laned, w%h the coefficient 3 k1k3a /4 k2. The measure rate constant is thus iden-
tified with
-76
k_k
3 15 (CoHy)
4 3

kit

k3 + k2(C2H2)

It is evident that the net power dependence of d(C_H_)/dt on the acetylene concentration could
range from unity to zero, depending on the magnitude of o (C_H_ ) relative to unity; that is, on
the relative efficiency for depletion of C_H_-D via collisions with C_H_ compared with that
by decomposition and rearrangement. l\?otg thgta is temperature depzenaent. Even though
many shocks were run we found that a sufficient range in acetylene concentrations had not
been covered to permit us to evaluate . The rather low activation energy observed is

accounted for, as is also the ratio of products produced.
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TABLE 1. Experimental Determination of the Ratios of ¢'s

at 3195 em

(@) (8)

iﬁ 0.225 0.315

0

€ w(C_H.))

*‘(—0—2}-{—2)— 0.053 0.111
Cotvae

Cm(C2HD) )

TN o 0.352 0.440
Tc

o(CZHZ)

e(CZHD)

o 0.49 0.465
e(CZH2)

Ave. . : <0,48 >
¢ (CH)

at 2555 cm 1

) S ()]
I (czﬂz +D) 25.4 27.0
' : 14, 15.0
I, (C,H, +H,) 14.0 5
0.25 0.25
0.50 0.50
3.14 3.10
<3.12>

—© 2.2 _ 3333 at 1600 - 1700°K

A 4 i
(@) Average of 4 runs with CO(DZ)

{3) Average of 4 runs with =

(y) At about 1670°K
(o) At about 1720°K

2.00, at 1550 - 1650°K
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The Kinetics of Decomposition of Acetylene in the 1500°K Region

Howard B. Palmer and Frank L. Dormish

Department of Fuel Technology, The Pennsylvania State University
University Park, Pa.

Introduction

The thermal decomposition of acetylene is one of the most-studied
phenomena in the chemistry of gases. Despite the apparent simplicity
of the C H, molecule, its thermal behavior is exceedingly complex.
Within tRe-past ten years, it has been stulied in static systems (1, 2, 3),
in flow systems (4-8), in shock tubes (9-12), and in flames (13). The
tenporatuso range ccverod in these studies has spanned the region from
about 625 K to 2500 K, but with a gap in the 1000°K region that has
been studied only very recently (6, 14). Explorations have been made
of the product distributions, of the effects of vessel surfaces, of
changing surface-to-volume ratios, of adding free radical capturers
such as NO, and of adding organic compounds that might participate in
the mechanism. The rate of formation and the characterlisties of the
carbons and polymers formed in the decomposition have been studied
extensively.

There 1s substantial agreement on some aspects of the decomposition.
It appears to be settled that at low temperatures, a homogeneous reaction
which is second order in [C,H,] dominates the behavior. The reaction is

" a ohain and leads to the formstion of high molecular weight compounds,

with some side products such as 2 CH,, and C,] H.. The activation
energy is approximately 50 keal tﬁo ‘lt.ncy factor of the unin-

-hibited reaction is very large. Silcoeks (3) gives

k=3.72 x 1o16 exp(-50.2 koal/RT) oc/mcle sec.

A heterogeneous reaction is also obnrved at low temperatures.
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Silcocks reports that it is first-order in [CZH%e' with an activation
energy of 42.7 kcal. He gives values of the rate constant at five

temperatures.

The situation at high temperatures contains more conflict. It
has been difficult to determine the order of the reaction and the activa-
tion energy, either with flow systems (8) or in shock tubes. However,
if one presumes the reaction order to be integral, the best choice at
high temperatures appears to be second-order in acetylene. The rate
constants at the highest temperatures (9, 12) disagree by a factor of
abou(t), 10, but agreement is considerably better at temperatures below
1900°K.

Both Aten and Greene (9) and Minkoff and Tipper (15) agree that
the rate constants at high and low temperature can be used to define
the rate over the whole range; i.e., they agree that the mechanism re-
mains the same, at least up to and including the rate-determing step.
However, Aten and Greene prefer their own high temperature data, while
Minkoff and Tipper prefer those of Kistiakowsky and Bradley (12). These
cholices yleld markedly different results, respectively:

o289 exp(~39 kcal/RT) cc/mole sec

(dafa of ref. 12) k = 1015'15

(data of ref. 9) k=1
oxp(-45.8 kcal/RT) cc/mole sec

Quite aside from questions raised by such a discrepancy, we think
it unjustifiable to assume that one is measuring the rate of the same
reaction sequence at 2000°K and at 700°K. The low temperature homo-
geneous reaction is a chain of length (3) on the order of 100 or more.
There is no evidence that the reaction at higt temperature is a chain.
Indeed the only direct experimental evidence (12) of which we are aware
indicates that it is essentially 2 simple sequence of consecutive re-
actions.

It is clearly important to discover what happens between the lower
limit of the shock tube studies, ca. 1400°K, and the upper limit of the
studies in vessels, ea. 800°K. This intermediate region is appropriate
for studies using flow systems. Anderson and his colleagues (4, 5)
have done exactly this, but have concentrated most of their attention
upon product distributions and the implications of these regarding the
mechanism. Very recently, however, Munson and Anderson (6) have pub-
lighed work from which it is possible to extract rate constant data
and we shall discuss these later. Towell and Martin (8) ugsed a flow
reactor to study the decomposition over temperatures from about 1200°K
to 1450°K. They had difficulty in defining the order of reaction, but
thelir data compare reasonably well with shock tube data if one assumes
second order behavior.

The preser{t experiments represent an effort to study the decomposition
very carefully at three temperatures, the highest of which overlaps
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the shock tube studies. Particular attention has been given to determin-
ing the order of reaction and the absolute megnitudes of rate constants
at these three temperatures. The work is basically an extension of that
performed by Kinney and Slysh (7).

Experimental Procedure

The apparatus was only slightly modified from the arrangement used
by Kinney and Slysh (7) and will therefore be described only briefly.
It was a flow system operating at ambient pressure. The pyrolysis tube
was 5 mm i.d. refractory porcelain, sealed to Pyrex at the ends, and
mounted in & furnace capable of attaining 1500°C. was metered with
a capillary flowmeter before being mixed with the heii%m carrier. Input
rates were varied so as to produce mixture compositions ranging from 0.20
to 1.30 mole per cent C2H2-

Temperature profiles within the pyrolysis tube were measured with a
Pt-Pt:Rh thermocouple for each of three temperature settings and at
several flow rates. They were found to be essentially independent of
flow velocity, from which it is inferred that the gas temperature was
indeed being measured. This conclusion is supported by estimates of
the radial temperature distribution in the tube based upon approximate
values for the thermal diffusivity of the The estimates show that
the temperature at the center of the tube %2 5 mm from the wall) should
not differ from the wall temperature by more than a few degrees. Because
‘the furnace was short, the temperature profiles did not possess a plateau
region. A typical profile is shown in Fig. 1, together with what we call
the "gtaircase" approximation to it, by means of which it was possible to
correct the experimental data to the temperature of an imaginary S5-cm-long
hot gone having a constant temperature near the actual temperature peak.
It was also convenient to discuss the effeoct of flow velocity upon the
per cent decomposition in terms of the fictitlous residence time ("contact
time") of the gas in the imaginary hot zone.

Calculations of the extent of decomposition in the hot gzone were
carried out for each run by an iterative procedure in which an equation
for the rate constant was assumsd in order to compute the relative
contributions from decomposition at each of the temperature levels on the
stairocase. Most of the decomposition occurred on the top level, which
meant that it was quite easy to correct for the other contributions, using
rough values for the rate constants in the first trial. From the results
of the runs at three different temperature settings, a bettsr expression
for the temperaturs-dependent rate constant was derived and used in the
second caloulation of corrections. This single iteration was found -

. to yield satisfactory values gor rato constants at each of the three hot

sone temperature levels (1333 K, 1433°K, and 1528°K). Details of these
calculations are presented in reference 16.




The helium used was Matheson "research grade" gas, purity approximately
99.99%. It was passed through a bed of Cu at 400°C for 0, removal and
then through a tower containing Ascarite and Anhydrone to remove (1)2 and
Hy0. The CpH,, a purified grade of 99.5% minimum purity, was bubbléd
rough concentrated H,50; to remove acetone before introduction into
the helium stream. The mixture of C%l-}.2 and He was routed through a dry
(3

ice-cooled, glass wool-packed trap béfore entering a coil of tubing 4
feet in length that served to ensure homogeneity of the mixture that
entered the pyrolysis tube.

Beyond the water-cooled exit of the furnace were three traps in series.
The first was cooled by dry ice and served priacipally as & pre-cooler
to ensure good trapping efficiency in the subsequent liquid N,-cooled
traps. These traps captured acetylene, diacetylene, v:!.nylace%ylene.
methyl acetylene, and allene. Hydrogen and methane were not trapped,
but were converted to Hy0 and CO, over Cud filings at 700°C. Vitreous
carbon that formed on the tube wall during the run was determined by
burning it off with oxygen at 1255°C. running the effluent gas through a
CwW trap, and capturing the 002 in Ascarite. A very small amount of reddish
polymer, deposited just beyond the furnace exit, was the only product
ignored. Analyses were performed using vapor chromatography and (for
002 and ‘.—120) by weighing Ascarite and Anhydrons absorption towers.

Besults and Discussion

The decomposition has been studied at three temperatures: 1333°K,
143301(, and 1528°K. These represent the effective hot wzone temperatures
to which the decomposition data were corrected. Because the emphasis 1n
the present paper is upon the kinetics of decomposition, details of pro-
duct analyses are not Presented here. They wers in broad agreement with
the results of other investigations (6, 7). é note of special interest
is that the more prominent Cl‘_ product at 1333 K was vinylacetylene, but
at 1528°K it was diacetylene.

. In Table I are summarized the experimental data on the extent of
decomposition of C,H, at various nominal contact times. These formed the
basis for calculations of rate constants. The order of reaction has
been determined at the three hot zone temperatures by examining the extent
of decomposition as a function of the initial concentration at fixed flow
rate--i.e. at fixed effective contact time in the hot gone. The results
appear in Fig. 2, and represent mixed first- and second-order behavior.
This may be seen as follows: consider a reaction with rate given by

=de - 2
ECRR AR L @)
Integration yields
c t
@) kgt +L Kk cat (2)
= (k, + KOt (3)
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where C is a mean concentration over the time interval, and will approximate-
1y equal (C, + C)/2 when the extent of decomposition is small. When this
1s the cage, Eq. 3 ylelds

(1 %o) = (k, + KOt (&)

Thus for mixed first and second order, a study at fixed time (i.e.
fixed flow rate) and small extsnt of decomposition should show an
approximately linear dependence of the extent of decompogition upon the
input concentration, with a finite intercept at C; = O if there is in
fact a first-order contribution. This is the case in Fig. 2.

. One can calculate first-order rate constants from the intercepts in
Fig. 1. The result for 1528 K is not as reliable as the other two because

of the gmaller number of points, the long extrapolation to C, = 0, and
the larger extent of decomposition. The calculations involve a correctlion
This is

to yield the extent of decomposition in the effective hot zone.
in principle a multiply iterative procedure, but we found that the
correction was sufficiently small that a rough treatment of the data
could provide crude rate constants from which corrections could be formed
to yleld good rate constants in a single iteration, as discussed earlier,

Q -1
n:g values obtfined are 0.22.1 sec -1 at 1333 K; 0.482 sec  at
11&33 K; 0.745 se at 1528 K. On an Arrheniug plot, these define a

line given by
k, = 4.2 x 10° oxp(~26 keal/RT)sec -1

The nncortaintias in the numerical values of this expression are surely
conslderable (but difficult to estimate). Nevertheless it is clear that
both the freguency factor and the activation energy rule out a homogeneous
unimoleoular reaction. If we assume. t.hat the reaction is hoterogenoous.
the rate constant k., will be ky 4 = k (V/S), where (V/s) ip the vol
to-surface ratio. our reactor, this ratio was 1.25 x 10~ llter om’
vhere the units have been chosen so as to permit easy comparison with

the low-temperature results of Silcocks (3). The comparison is shown

in Fig- 30 khet is now given by

K¢ = 5:25x 10 1 oxp(-26 kcal/RT) liter en"Zgec™t

An extension of thls line goes through the middlie of Silecocks' data.
It is tempting to coneclude that the heterogeneous reactions are the sanme,
but caution is required because a modest alteration of the parameters

- in the expression for could cause the extension to miss Silcocks'
points altogether. There 1s much more to be explored on the matter of
a hotorogenéou.s deccmposluon. We have noted with interest that the-
yields of Hy and C H, all move toward zero at C, = 0, and carbon

" plus CH bocm v&rtu&uy +fio only products. Clearly £he mechanism of
the surface decomposition must be grossly different from the gaseous .

procou .
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_ Fig. 2 shows that the gaseous decomposition conforms nicely to
second-order kinetics, and it 1s possible to obtain kg from the‘slopes.

We have preferred to use data on the per cent decomposition as a fanction
of the effective contact time in the hot zone, averaging the rate .
constants obtained from a number of runs (6 to 8) at the same temperature
but at various flow rates and input concentrations. The results have

been corrected, in each case, for the first-order contribution. The
procedure (16) is tedious and will not be outlined heres.

The results for k , in ts of ce/mole sec, are: (1.40 ¢ Q.lO) x 103
at 1333%K; (3.42 2 0.23) x 10”7 at 1433°K; end (2.49 £ 0.36) x 10" at
1528°K. The uncertainties attached to each result are the average
absolute deviations of the experimental points.

Figure 4 is an Arrhenius plot of all available data for k , ranging
from about 650°K to 2500°K. The solid curve will be discussed later.
Our data and those of Skinner and Sokolski (11) agree very well, in the
sense that their higher-temperature points fall on the best line through
our results. However, their values below about 1500°K (not ineluded in
the figure) show a change in slope that requires comment at a later point
in this discussion. The data of Towell and Martin (8), obtained in reactors
very simlilar to ours, parallel our data well. Agreement would be even
better if their results could be readily corrscted for the contribution
from the heterogensous decomposition. The results of Aten and Green (9)
are in reasonable agreement with ours and wita Skinner's but show a
smaller slope. The best high temperature lins, which we have selected
by eye, defines kb as ’

k, =3.2x 1011’ oxp(=50 keal/RT) ce/mole sec.

The frequency factor seems closs to normal, in contrast to that cited.
earlier for the low-temperature reaction. This does not prove that one
is observing an elementary reaction at high tsmperatures, but suggests
that the hot reaction is not a chain. An extrapolation of the best high
tempeyature line falls below the low temperature kb valuss by a factor
of 10 or more.

Thus the question remains: what happens between 800°K and 1400°K?
The work of Munson and Anderson (6) contributes much toward an answer.
They uged a flow reactor of diameter 2.2 cm and, at high concentrations
of CEB (20-21 mole per cent at py., = 1 atm), covered temperatures from
7739% %o 1123°K. They did not obt2tn rate constants, but they do report
the time-dependence of the C 2 concentration at six temperatures. These
results are of precision sufficient to permit examination of the reaction
order by the usual methods of kinetics. Our analysis shows that the
reaction ig second-order in [62112] at 873°K, 923°K, and 973°K, but that
the order is not well defined at the higher temperatures. The second-
order rate constants at the three lower temperatures are in remarkably
good agreement with an extrapolation of low-temperature data.

gf one approximates 3.he kinetlics at the three higher temperatures
(1023°K, 1073°K, and 1123°K) by a first-order expression, the rate constants

o Mo N 2
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so obtained show & temperature coefficient corresponding to an activation
energy in the vicinity of 30 keal. It thus seems quite clear that the
kinetics of the decomposition undergo a transition at about 1000°K, and
that one cannot make & direct comparison of second-order rate constants
at low and high temperatures.

In view of the known complexity of the decomposition, it is not
really surprising to find complications in the kineties; but the behavior
does seem extraordinary. An acceptable mechanism must: (a) give second-
order kineties at low temperature, with a rate constant similar to that
cited from the results of Silcocks; (b) there must be some sort of
transition region at intermediate temperatures; and (c¢) at high temper-
atures the reaction must be second-order but now with similar to that
cited previously from our data and the shock tube data.

Behavior of this sort can occur in the mechanism presented below.
This is offered as a stimulus to further work. It makes no attempt to
account in detail for all products, and there is no direct evidence for
the steps involved in it. Our comments follow each reaction postulated.

This represents unimolecular excitation of acetylene to its lowest-
lying triplet state. is shown as the collision partner for the
excltation on the presump ion that in a mixture of C,H, and a monatomic
gas, e.g. He, CoH, will be many times more effective than He because it
can possess v1bra%ional energy. The actual change of multiplieity
probably occurs most rapidly when the amount of energy to be transferred
is not very large (17). Thus a detailed mechanism for reaction 1 would
include vibrational excitation. However, because establishment of
vibrational equilibrium is probably rapid relative to the rate of reaction
1, one can think of at least one of the CZHZ molecules as being highly
exclited vibrationally without introducing 2 necessity for modifying the

simple equation above.

Minkoff (2) has suggested that the first step is double excitation,
2 CZHz"'Z c H *, This has the virtue of being spin-allowed, but the
energy requireﬁont will be very much greater (roughly double) that for
. 8tep 1 above; this should weigh more heavily aéﬁinst the double excitation
than does the forbiddenness factor (perhaps 10™') entering into the rate
constant of reaction 1.

Reaction 1 will probably have an energy barrier somewhat higher than
the singlet-triplet excitation energy., which has been estimated %9) to
"lie between 42 and 67 kcal above the ground state, using data discussed

by Laidler (17).

* 4
(2) ¢ of,* *+ CoH, =2 CH, .
deactivation of triplet acetylene. By microscopic reversibility, C H2
must be much more effective than He in the deactivation. There
presumably be a small activation energy in the rate constant, and a
forbiddenness effect in the pre-exponential factor.



(3) CH,* + Cplly »>C)H,*

This is an addition reaction to yleld a triplet dimer. The reaction
will be in competition with step 2, and will be fast. The rate constant
for a reaction that may be comparg?%ei vig, the addition of NO, to CR,.
has been reported (18) to equal 10-“‘" exp(-l15 kcal/RT) cc/molé sec.

* L d
(%) Cyiy* *+ CoH,#C By + C 6,
a chainetransfer reaction that is not simply an exchange of multiplieities
because formation of vinylacetylene from C,H * requires H atom migration.
There should be an appreciable but small a%tﬂvation energy. We suspect
that in a reaction of thiec type the collision efficiency ("steric" factor)
may be very low.

(5) ¢

H=*+CH .
Wy C2 24- products

This alternative to reaction 4 is thought of as a radical addition reaction

"leading to stable products such as tenzerne. It is oversimplified for the

sake of allowing a tractable expression for the overall kinetics. That
is, it might also be thought of as a deactivation; or it might not end
the chain at all, but rather continue it by a suksequent transfer
reaction analogous to step 4; or the product migtt in turn add to C,H,.
However, observations by Robertson et al. (19) of the yield of benzéné
in C_H_ pyrolysis do.support the suggestion that a large fraction of the
reaciign events in step 5 do not lead to a contiruation of the chain.

It further appears from that work that reaction * has a large temperature
coefficient. We shall assume that its activation energy is much larger
than that for step 4, and that its collision faclor is also much larger;
in this way it becomes possible for its rate to tie less than that of
step 4 at low temperature but to exceed it at higher temperatures.

The postulated reaction scheme is terminated at this point. It is
of course recognized in doing so that other reactions must occur. The
scheme is 4 simplified version of that discussed by Minkoff and Tipper
(15), but with the differsnce in the singlet-triplet excitation step
noted previously.

A steady-state treatment of the scheme ylelds

-a[c,H,Y/at = [Czﬂzlzka(kl/kz){[B - /(K + k5)]/[1 + (k3/k2)k5/(ku+k5)]} (¥) -

At low temperatures, we expect kl& »»> k_. Then

-afc)fat = 2fe ] i 00 M1/ + kg figk,)] -

We expect k2 to be considerably greater than k2; but with kl&” >k _,
the result is : 5

-afc,m,) /ot = 2[czﬂz]2k3(k1 fx,)

At higher temperatures, k5 will compete with kl& and the chain length

(5)
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will be reduced. In the limit that k_>)> ku. continuing to assume k3>> kz.
the steady-state treatment ylelds -

-afc ) /at = 31, )7 | )

This rate will be substantially less than that given by the previous result,
if extended to high temperature. The consequence is that at the temperature
where k_ begins to compete effectively with ky, an Arrhenius plot of the
npparen§ second-order rate constant should begin to show a decreasing

slope. Once the condition, k_?>k,, is reached, the slope will rise again
to that ohsracteristio of k .J Thif seems to conform rather well to the
plot in Fig. 4. The transition region for kl& versus k_ appears to begin

at about 900°K and extends to about 1400°K. 5

The high-temperature results cited earlier now yield
14 '
k =11 x10 exp(-50 keal /RT) cc/mole sec
and, using this kl' the low-temperature results of Silcocks yleld
. 2
(k.jlkz) =1.60 x10 .

[+

If we require that (k,/k ) =10(k, /k,) at 700 K and (X /k
0.2 (1.e.<< 1) at 1400°K, *thé tonporl:'zu:zo dependence of (i*/kd
found to. be 54

(kslku) = 4.2 x 10“ exp(-25.1 keal /RT) .

Employing these three parameters, ki, (k,/k,), and (k./k, ), Equation.
4 may be used for a computation of the sscondZorder rate cdnsfant over
the whole temperature range. The result is shown by the solid curve in
Fig. 4. The fit seems quite successful, particularly when it is realiged
that the C,H, disappearance rates reported by Munson and Anderson may
have been Ep%rociably enhanced by heterogeneous decomposition on carbon
particles formed in their reactant stream. It is not possible to make
a correction for this effect; the point is that the kg, values computed
from their results are probably too largs.

Some conment on the parameters is in order. _has & surprisingly
large pre-exponential factor, in view of the violatidn of spin conservation
in reaction 1. However, in a recent study of S0, decomposition, Gaydon
st 8. (20) have found that unimolesular exeitatfon of 30, to its lowest
triplet state appears to be aided by energy transfer from~internsl degrees
of freedom. This has the effect of reising the pre-exponential factor so
as to largely compensate for the forbiddenness of the reaation. The
apparent energy of sctivation is lowered in such a case. In C -czﬂz'
collisions, there are many possibilities for energy transfer intsrnal
modes and it is possible to rationalisze on this basis. If the
interpretation iz correct, then the true Xctivation energy of step 1

- probably lies between 55 and 60 koal, and a simple Arrhenius expression
- for k; 1s not very realistic. However, refinement of.kl does not yet

aeem tiﬂ._nblo.
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The (approximate) temperature independence of (k,/k,) is about what one
would expect on the basis of the earlier discussion gf ese reactions.
The magnitude of the ratio, 1.e. 160, is also reasonable.

As for (k, /k ), the large ratio of pre-exponentisl factors is not
unoxpoeted. é no particular significance can be attached to the 25 kcal
difference in activation energles except to say that it seems consistent
with the experimental results of Robertson et al. (19). Beyond this, our
ignorance of the details of the postulated steps 4 and 5 is almost total.

A final remark should be made on the repori: by Skinner and Sokoloski
(11) othat the rate constant for formation of vinylacetylene below about
1500°K lies above the low-temperature extension of tho:lr results for
conversion to all products at temperatures abows 1500°K (points shown in
Fig. %). If the result is real, it presents a severe complication. We
would suggest tentatively that their low ylelds of vinylacetylene may have
led to analytical errors, as indicated to some extent by their difficulty

.in obtaining a mass balance on reactants plus products.

Conclusions

It is possible to reconcile most low- and high-temperature data in
the literature on acetylene pyrolysis by a chaia mechanism in which the
main chsin-ending reaction has a stronger temperature dependence than
does one of the chain-carrying reactions. This leads to long chains at
low temperatures and essentially non-chain behavior at high temperatures.
It seems very probsble that the first step in the mechanism is excitation
of CoH, to its lowest-lying triplet state, and that one of the chain steps
is a spin-exchange reaction.

In systems possessing high surface-to-volume ratios, e.g. in heavily
sooting systems, a first-order heterogensous decomposition reaction, the
products of which appear to be principally carbon and Cﬂu. is expected
to dominate the kinetics.
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Table I.

Summary of experimental data on the decomposition rate

1333°e? wi et 1528°xF

R
¥

cet.* Co % Dece | c.t.* Co $ Dec. | cot.* c,
(sec) (mole %) (sec) (mole %) (sec) (mole ¥)

0.100 0.58 0.100 0.50 8.2 _0.046 0.50 .
0.150 0.57 . 0.150 0.22 11.z 0.094 0.50 .
0.150 0.61 . 0.150 0.27 1.4 0.150 0.50 .

0.150  1.02 0.150  0.97 14.3 0.150  0.78
0.150  1.28 0.150 1.25 16.5 0.180  0.50
0.200  0.52 0.150 1.30 16.8 0.190  0.50
0.200 0.53  18.1

s RoR B WS WY o

3.9
5.6
6.3
0.150 0.96 6.5 0.150 0.52 12.8 0.150  0.69
7.2
75
7.5

AW AW D\ =

.

# Hot zone temperature.

* Nominal contact time = (hot zons volume)/(vol. flow rate at hot some

|
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Tempeya ture profile for the furnace having the hot sone at 1060°c
(1333°K). The "staircase" approximation to the profile is
illustrated. ) :
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PER CENT DECOMPOSITION

Fig. 2. Effect of change in initial concentration upon extent of de-
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plot of heterogensous rate constants for 62112 decomposi-
the present work and from Silcocks (3). ‘
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Shock Tube Study of the Acetylene - Oxygen Reaction

R. F, Stubbeman* and W, C. Gardiner, Jr.
/

Department of Chemistry, The University of Texas, Austin, Texas

A number of investigations of the high temperature combustion of
acetylene have been reported in recent years, The techniques employed
have included probe studies of low pressure flames, spectroscopic studies of
atomic flames, and various observations on detonation and shock waves in
acetylene - oxygen mixtures, We report here a shock tube study of visible
continuum emission, ultraviolet emission and OH absorption in incident
shock waves through acetylene - oxygen mixtures.

EXPERIMENTAL

The shock tube was constructed of 2'" x 4" aluminum tubing,
Observations were made through quartz and lucite windows mounted flush
with the tube walls., Velocity measurements were made with a series of
flush resistance gauges spaced on either side of the observation station,
Continuum emission was observed through the lucite window using an inter-
ference filter of about 80 A bandwidth centered at 4320 A for wavelength
selection and a 1P28 photomultiplier tube for detection, The photomultiplier
current pulses were amplified and then converted to logarithmic scale with a
high frequency operational amplifier for oscilloscope recording, Ultra~
violet emission was observed using a Beckman DU monochromator for wave-
length selection and a 1P28 for detection. Absorption studies were made
using a light source consisting of a microwave discharge in about 10 mm of
argon containing a trace of bismuth vapor. The bismuth resonance line at
3067 A was isolated with the DU monochromator and used for monitoring OH
concentration. Sensitivity of the absorption system was calibrated by obser-
vations of OH concentration at chemical equilibrium in shocks through
H -OZ mixtures, The arrangement of the equipment was such that either OH
absorption or ultraviolet emission could be observed simultaneously with the
continuum emission, and that the origin of the effects observed in the two
measuring systems was identical with maximur_‘x_:serror of 3 microseconds.
The shock tube was readily evacuated to the 10 ™ mm range and had an out-
gassing and leak rate of about 2 microns per hour,

Experimental mixtures were prepared in a conventional mercury-
pumped vacuum system, The acetylene concentration was about one percent
and oxygen concentrations varied from .34 to 7.3 percent, the remainder
being argon diluent, Conventional precautions in purification and mixing were
observed, Initial pressure in all experiments was 5 mm, No-reaction
temperatures computed from shock velocities covered the range 1500 -

2200 *K, -

*Present address: Esso Research and Engineering Company, Linden, N, J,
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RESULTS

Both the visible and the ultraviolet radiation appeared as a pulse,
following an induction period, The ultraviolet emission, which was observed
at 2196 A, was far weaker than the visible emission, but both had essen-
tially the same pulse shape and appeared simultaneously, Hydroxyl rad]g;al
concentration rose to values above the detectabﬂlty threshold, about 10
moles/liter in these experiments, just the emission pulses were returning to
baseline,

Induction times defined by appearance of OH could be plotted as log
(O )xt. versus 1/T as in the hydrogen - oxygen study of Schott and Kinsey or
in ear ier studies of the acetylene - oxygen reaction by Kistiakowsky and
coworkers. The resulting plot showed that the OH induction times were
about 2-3 times longer than induction times previously measured for this
reaction using observations of onset of density change due to heat release in
reaction, vacuum ultraviolet emission or ionizaiion to define the end of the
induction periods.

Time constants for the exponential rise in intensity of the continuum
emission were obtained from the linear portions of the logarithmically
recorded pulses. These, when plotted in the above form, showed no tem-
perature dependence, in contrast to the strong temperature dependence
(activation energy about 20 kcal/mole) found by Kistiakowsky and Richards
for the time constants of the vacuum ultraviolet exponential rise,

The lack of temperature dependence for “he exponential rise constants
led to a very strong temperature dependence of “he ratio of continuum emis-
sion induction time to decadic time constant, which is a measure of the num-
ber of decades of concentration through which the emitting species rises as
chain branching reactions proceed. At 1800 °K these values scattered
around 30, but at 2100 °K they were down to less than 10,

Peak intensity of the continuum pulses was also strongly dependent on
temperature, Between about 1600 °K and 2100 “K this was found to increase
by about a factor of 10. Emission was strongest® in mixtures near
stoichiometric,

- A search was made for structure in the ultraviolet emission intensity
in the region 2000 - 2200 A, This was done in z series of shocks of nearly
constant strength in a lean mixture, The intensity distribution appeared to
be uniform,

DISCUSSION

Previous shock tube studies on this reaction indicated that the main
reaction sequence of the induction period could be understood in terms of
the following branching chain sequence:

= —— e . o A A

e W T o im oa T amee

AN

I VPO N W RN P N

VU N T N Y

~

~



N T fG ey

7

R O

P

ST e

z

e

LI

S et

155

H+O, --» OH+O
O+ C,H, --3 OH+C,H
OH + C,H, --3 H,0+C,H
C,H+C,H, --3 C,H,+H
C,H+O, --32CO+H.

This mechanism was proposed in order to account for the similarity of

H, - O, and C_H, - O, induction period behavior and for the appearance of
d1acety%ene in ' mass spectrometric studies of shocked C H2 - O, mixtures.
Several features of the high temperature reaction are ng’t accounted for, as
for example ionization or the appearance of formaldehyde; this provisional
mechanism would have these features considered as side reactions not con-
tributing to the main chain., Any side product whose concentration depends
on the concentration of main chain species, however, is a satisfactory
disgnostic for the progress of the chain reactions. It was proposed by Hand,
for example, that the vacuum ultraviolet radiation observed by Kistiakowsky
and Richards was due to excited CO produced by reaction of O with CH
produced by oxidation of C,H., The CO emission, therefore, would be an
indirect measure of the chain carrier concentrations at any given time,
Likewise, the continuum emission observed in this work comes from
electronically excited CO,, which is produced from reaction of O with CO,
and is, therefore, also an indirect measure of chain reaction progress,

Consideration of this reaction sequence shows that OH concentration
should become observable when the chain has progressed to the point of giv-
ing macroscopic evidence of reaction, i,e. final products or heat evolution,
In this work, however, it was found that the OH concentration rises only
much later, after most of the final products have been formed. It follows,
therefore, that OH is rapidly suppressed against its high rate of production
in the chain by other reactions, When the acetylene concentration begins to

decrease, this could be
OH+ CO --> COZ + H,

The decay of continuum and ultraviolet radiation appeared to be
simultaneous under all conditions, indicating that they probably have a com-
mon source, Since one of the reaction partners producing the emitter of
the continuum radiation is a stable product, O is the most likely candidate
for this role, Its destruction can only be by a final product. A probable

pathway is
o+ HZO ~--» OH + OH,

The lack of temperature dependence found for the exponential growth
constant is probably complex in origin, It is.likely to be due teo a counter-
balance of the increasing rate of chain center multiplication, as temperature
increases, by increased rate of destruction of those particular species lead-
ing to the continuum emission, namely O and CO. .

Failure to find the CO 4th positive system in the 2000 - 2200 A
region is probably due to.instrumental limitations,

This work was supported by the U.S. Army Research Office - Durham.
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Chemi-ionization Reactions in High
Temperature Hydrocarbon Oxidation

Joe V. Michael and Graham P. Glass
Chemistry Department, Harvard University, Cambridge, Mass.
Introduction

The mechanism of chemi-ionization in hydrocarbon oxidation
reactions has attracted much interest in recent years. Ionizatio
4in hydrocarbon flames has bseg studied by means of Langmuir probeg:
mass gpgctrometric sampling,’“and microwave attenuation measure-
ments.’” By using these techniques the concentration of ions in the
flames of lower hydrocarbons has been measured and has been shown
to be too great to be accounted for by thermal excitation. Most
investigators agree that the ions are formed by chemical reactions
but the nature of these reactions as yet is not absolutely clear.
The high heats of formation of most organic ions places severe
energetic restrictions on the reaction which produces ions,
and much effort has been spent considering reagtiong exothermic
enough to do this. The reaction, CH+ O = CHO + e , has been
suggested as a probable ion forming reaction, byt no conclusive
evidence for it has been found. To be sure CHO (mass 29) has
been observed by many investigators in flames, but it has always
appeared in congentrations guch below that of the more abundant
ions (&. g. H30 ). Calcote has pointed out that CHO would be
expected to undergo rapid proton transfer reactions with water,

a product of these oxidations, thus explaining its presence in
such low concentrations.

Calcote2 has detected the C3H + ion in a mass spectrometric
investigation of low pressure acegylene-oxygen flames. This ion
was observed in the flame profile ahead of H,0 1in quite large
concentrations and its abundance was indepenaent of the stoichio-
metry of the flame. It is diffucult to account for these gbser--
vations on the basis of charge transfer reactions from CHO .

The work described in this paper was performed using shock
tubes, and the reactions which occur during the oxidations of
both methane and acetylene were studied by means of a Langmuir
probe and also by means of a time-of-flight mass spectrometer
which was adapted to detect the chemi-ions formed during the
reactions. K ’ ’ :



Experimental

The apparatus in which the Langmuir probe measurements were
made was sub§tantia11y the same as that described by Hand and
Kistiakowsky'. Shock waves were generated in a three inch I. D.
steel tube and shock wave velocities were measured by gold film
resistance gauges the outputs of which were disPlayed on a raster
sweep oscilloscope. Radiation from the heated gas behind the shock
wave passed through a lithium fluoride window and was detected
by means of an RCA 1P28 pEotomu}tiplier. An interference filter
was used to isolate the A"A——X"w system of CH. The probe consisted
of a 12 mil diameter tungsten wire placed in the shock tube in a
plane defined by the optical slits. All but the last one-quarter
inch of the wire was insulated with Armstrong A2 cement, the tip
of the probe being near the shock tube axis. The major modification
to the apparatus was the introduction of a removable piston which
could be placed seven millimeters behind the cross sectional plane
which contained the probe. This allowed the reactions in the
stationary gas behind the reflected shock to be studied, thus
removing the complicating effect of the aerodynamic interaction of
the moving gas with the probe.

The second technique combines a shock tube and a Bendix time-
of -flight mass spectometer in a redesigned apparatus which is a
significant émprovement over the one described by Bradley and
Kistiakowsky, Complete mass spectra of the reacting gases can be
obtained every 20 or 50 Psec. Data is recorded by means of Polaroid
10000 ASA speed film. Normally a total of twenty-one spectra are
displayed on three Tektronix 531-A oscilloscopes so that the amount
of observable reaction time is a little over a millisecond with
20 KC operation. The mass range can be adjusted at will before
the start of an experiment.

Sampling is through a small pinhole (.004 in. diameter) in the
tip of a small conical nozzle (1 mm. by 1 mm. pointed away from the
mass spectrometer) at the end of the shock tube. It is felt that
this small nozzle reduces problems caused by boundary layer build
up on the reflection plate onto which the nozzle is mounted. '

The shock tube is one inch in diameter and 2.75 meters long.
Shock velocities are measured with four thin film resistance gauges
(either Pt or Au) spaced ten centimeters apart. The signals from
these gauges are displayed on a raster oscilloscope. Shock tempera-
tures are calculated using ideal shock relations in both incident
and reflected shocks.

All experiments with the time-of-flight mass spectrometer
reported here were carried out with five percent reactants in
ninety-five percent krypton. The experiments with the Langmuir
probe apparatu$ were carried out with one percent reactants in
ninety-nine percent argon.

£i
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Results 161

Tons and stable products were observed using the time-of-flight
mass spectrometer in the oxidations of both acetylene and methane.
Both types of species arose concurrently after an induction period
characteristic of a branching chain reaction. 1In both systems the
total ionization was observed using the Langmuir probe technique.
The ionization rises exponentially with time and the measured:
time constants provide a convenient method for determining the
rates of the branching chain reactions. Ionization is not, however,
a major part of the reaction since, for example, in the oxidation
of acetylene, the maximum concentrag&on which the ions achieved
was about 10 _ions/cc. This was 10 of the initial acetylene

concentration.

The individual ions produced were indentified with the time-
of-flight mass spectrometer. The largest mass peaks in the acety-
lene-oxygen system were 39 and 19. 39, 31, 19, and 37 were
observed in the methane-oxygen system. By using deuterated acety-
lene and methane the following assignments were made for the
different species:
39-C,HY ; 31-CH,0%; 37-H,0°R,0'; 19-H,0 .
Figure 1 shows the time gigtory of Ehe ionizatiod in tvp %ypical
experiments with acetylene-oxygen. It i; seen that C,H., is the
first ion observed followed later by H,0. In these éXperiments
the reactant mixtures were: (A) 3 0, 2 2 CZH .+ 95 Kr, and
(B) 3.75 0, + 1.25 C_,H, + 95 Kr. Ionization was not observed
in mixtures where acetylene was in excess over oxygen.

§3H+ was also the first ion observed in the oxidation of methane.
CH,0 a%ose at nearl¥ the same ti$e as did C,H, but its concentration
was much lower. H,0 and H,0-H20 arose conlufrently at still
later times. '

In the acetylene-oxygen system the time constant measured for
the growth of ionization, using the Langmuir probe technique, was
found to be identical to that measured for th simu}taneous growth
of chemi-luminescent radiation from the CH (A"A—>X"7) system..

In earlier experiments with the time-of-flight mass spectro-
meter, the stable products gbgerved in the oxidation of acetylene
were CO, H,0, CO,, and C Hz.’ These results were confirmed in
the presen% study. CO, &0 s HZO’ and CZH were observed as stable
products in the methane-oxygen system. '062 was a major product
in 3 0, + 2 CH, + 95 Kr, and it was absent™in 1.4 0, + 3.6 CH, +95 Kr.
C,H w&s found 'to be a major product in the latter mixture bué

s " formed in quite small quantities in the former.

Discﬁssion

C3H§ has been-obsetved by several'investigators in hydrocarbon
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oxidation systems. As has b$en stated previously, Calcote2 de-
tected this ion ahead of H,0 in a dilute low pressure flame of
acetylene and oxygen. Greén and Sugden” have also observed this ion
in flames at somewhat higher pressures. - The following reaction
schemqi have been suggested by these workers for. the formation

of C3H3f
Calcote: (1) cH t 0= CHO+ + e .
‘ (2) CHO+ + HZO ='HEO ++ CO
(3) Hy0" + C3H, = C,Hy + H,0

Green and Sugden:
(1) CcH 3 0=CHO + ¢

(2) CHO_ + H,0 = H,0"  CO

(%) 10" cf,0 = CH,O. + HyO

(5) CHy0" + CyH, = C3Hj + H0
In both of these mechanisms, C3H+ is formed by charge transfer
reactions from CHO . However, tge time history in the stationary

gas behind a reflected shock wave is much better defined than in
a flame where diffusion and cold boundary layer $ffect§ co¥1d
invalidate measurements, and it is felt that C3H , anah HO , is
the first ion formed since it is the first ion ogserved in these
experiments. : '
Two structures appear to be feasible for the C3H; ion:
+

(A) HC=C-CH,

and (B) H(=CH +
H

Sor

The cyclopropenyl ion (B) is believed to be the more probable struc-
ture, since it has great stability due to delocalization of its

T electron system. Tri-substituted aliphatic and aromatic analogs
of the cyclopropenyl ion have been synthesizis and halogen salts
are completely disso¢iated in polar solvents. Furthermore, a
plausible mechanism for it can be suggested which is energetically
possible, whereas such a mechanism for the formation of (A) is
difficult to justify on an energetic basis. '

If (B) is the correct species it should be extremely stable
and should undergo little or no charge transfer. The ion probably
is removed from the system by chemical reaction, perhaps with
oxygen resulting in the production of other ions. Indeed in
expgriments where oxygen is in excess the,rate of fall off for
C,H, is faster and the total yield of H,0 is greater that in
eXpériments where oxygen is present in 3toichiometric quantities
(see Figure 1). '

+
H,:

The following mechanism is proposed for the formation of C3 3
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+ -
(6) CH + C,H, = H“{iﬂ + e

The heat of formation has been determined by Wiberg et al 1fbr Csﬂgto
be 271 kcal/mole. This value is higher than that estimated by

a simple molecular orbital calculation coupled with thermodynamic
considerations, and the value measured by Wiberg et al may refer

to structure (A). However if the Wiberg value does apply to (B)
then reastion (§) is nearly thermoneutral if the CH radical is

in its A"A or B"5 state. If the calculated value is correct then
the CH radical could even be in its ground statg and reaction (6)
would be close to thermoneutrality. Both CH (A A) and CH gr?!“i3
state are known to be present in the oxidation of acetylene. ™’
Since there is some evidence for the existence of acetylene in

the oxidation,of methane, reaction (6) could also explain the obser-

vation of C3H3 in this system.

The above mechanism has recieved some support from the obser-
vation of chemi-ionization in the reaction of iodoform and acety-
lene. The chemi-ionization had an "activation energy of formation"
much below that usually found (55 kcal/mole), and the ionization
was believed to be produced from the reaction of acetylene with the
breakdown products of iodoform (CH and CHI).

This mechanism is also consistent with the observation tth 2
the time constants for the rise of ion concentration and CH(A®A¥ 7)
radiation were identical in the early stages of the acetylepe- _
oxygen reaction. However the mechgnism, CH (A“A) + 0 = CHO + e ,
which has previously been proposed’ for the formation of ions in 2
these systems 1s not consistent with this observation. Both CH (A™A)
and 0 would be expected to be intermediates in the branching chain
reaction, and therefore the concentrations of both would be ex-
pected to rise exponentially in the early stages of reaction.

Thus the inverse time constant for the growth of ionization would
be eqyal to the sum of the inverse time constants for the rise

of CH-~and O concentrations,

The authors wish to thank Professor G. B. Kistiakowsky for his
many helpful suggestions. We also wish to thank Dr. Hiromi Niki
and Dr. J. L. Michael for help in the experiments with the time-
of-flight mass spectrometer. The work with the Langmuir probe
technique was supported by the Office of Naval Research and that
with the time-of-flight mass spectrometer by the National Science

Foundation. :
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SHOCK TUBE EVALUATION OF HYDRAULIC FLUIDS
Gordon B. Skinner

Monsanto Research Corporation, Dayton 7, Ohio

INTRODUCTION

While the shock tube has been used extensively in the study of
gas-phase reactions, relatively few studies have been made of gas-
liquid reactions. The maln reason for this has been the difficulty
in interpreting the data obtained when twc phases are initially
present, because the additlonal steps of ¢rop break-up, evaporation
and mixing need to be consldered, as well as chemical kinetics.

A study of the combustlon process when n-hexadecane 1s 1njected
as a fine spray into shock-heated air was made by Mullaney (Ref. 1).
By high-speed photography he was able to cbserve injection of the
spray, evaporation of the droplets, and spontaneous ignition. In
most of his experiments combustion started before evaporation was
complete. Shock tubes have also been used by Morrell and co-workers
(Ref. 2,3) and by Hanson, Domich and Adams (Ref. 4) to study the break-
up of 1liquid Jjets by rapidly moving gas streams. These investigators
used Inert liquids to study atomization of the liquids without the
complications introduced by combustion, ard were able to obtalin equa-
tions relating atomization time to physical properties of the liquid
and gas. .

The original intent of this work was to develop a method of
rating the ignition characteristics of filre-resistant hydraulic
flulds that could be related to the single-cylinder engine test
(Ref. 5) currently used, yet requlire much less fluid for an evaluation.
The results shed some light on the parameters governing liquid-gas
reactions.

© EXPERIMENTAL

The shock tube used for these experiments has been described
in detall elsewhere (Ref. 6). Briefly, it 1s 3 inches 1n diameter,
with 12-foot low-pressure and 20-foot high-pressure sections. Shock
speeds are measured by timing the passage of a shock wave between
stations 55 and 7 inches from the closed end of the low-pressure
section. Gas temperatures and flow velocities are calculated from
the shock speeds. A plezoelectrlic pressure transducer is mounted
in the top of the tube, 3 inches from the closed end, while a fused
quartz window (covered except for a 2 mm vertical slit) is in the
side of the tube, also 3 inches from the end. Light emitted by
combustion in the tube 1s detected by a photo-multiplier tube 8 inches
away from the tube, which also was covered except for a 2-mm vertical
slit. Because of the slits, light emitted only from gas 3 inches from
the end of the tube was detected.

o e eom .
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A 0.01 ml drop of the 1liquld to be tested was placed on an
12 gauge copper wire placed crosswise in the tube just below the
quartz window. Since the wire curved downward slightly in the
middle, the liquid remalned together as a hanging drop, only a
small fraction being in close contact with the wire., In all cases,
the driver gas was helium at 85 psla, while the initial alr pressure
in the low-pressure section was varilable.

RESULTS

The ignition time of a fluild sample is taken as that between
the passage of the reflected shock past the pressure transducer and
the moment when the light intensity reaches 10% of 1its maximum value.
These ignltion times have been plotted against the calculated tempera-
ture of the air behind the reflected shock wave. While the incident
shock wave 1s important in causing break-up of the fluid droplet, the
f£luid droplets remain in the incident shock region for only about
0.3 millisecond compared to total ignition times of 1 to 5 milliseconds.
Therefore the temperature behind the reflected shock wave seemed to be
the most meaningful single number by which to characterize the experi-

mental conditions.

Figure 1 shows the ignition delays found for xylene and three
hydraulic fluids. 'MS-2110-H 1s essentially a light hydrocarbon lubri-
cating oil, while MIL-H-19457 1s a phosphate ester, one of the most
fire-resistant fluids available of which the general formula is

0
(CH3)X—© O_'"lr; - O';©_(CH3)X
G
x =0, 1 or 2

Since, in the engine test of Reference 5, the actual measured quantilty
is the compression ratlo requlred to cause 1gnitlion of a spray of
hydraulic fluid 1in 2 milliseconds time as the piston. is approaching
the top of 1ts stroke, it 1s approprilate to compare the engine compres-
slon ignition rating (expressed as a compression ratlo) to the
reflected shock temperature required to glve ignition of the fluid 1in
2 milliseconds. Engine compression ignition ratings of the above

four flulds have been measured (Ref. 5), and have been plotted

against the 2-milllisecond shock temperatures in Figure 2. The
correlatlion between the two tests is good, but. the linear relationship
found over the range covered experimentally cannot be expected to hold

for higher or lower ratings.
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0f a number of exploratory hydraulic fluids tested one, of
formula : :

CF CF

Gt

had the high ignition temperature of 1365°K., which from the extrapola-
tion of Figure 2 would indicate an engine test rating of about 80.

DISCUSSION A

There 1s, and probably will be for some time, a question as to the
relative importance in the ignitlion process of the physilcal factors of
drop break-up, evaporation, convective and dilffusive mixing on the one
hand, and chemical reactivity on the other.

Morrell and Povinelll (Ref. 3) have developed an equation for the
time for break-up of liquid cylinders by shock waves, which should also
apply approximately to drops. The break-up times of the 0.01 ml drops
of "standard" liquids used in the above experiments have been calculated,
as follows: ‘

Calculated Break-up

Liquid Time, milliseconds
>
MS-2110-H 0.24
Fluid AV : 0.31
Xylene 0.81
MIL-H-19457 0.25

These drop break-up times do not correlate with the ignition data,
since the break-up times of the most and least flammable liquilds are
the same, while the calculated break-up times for Fluld AV and xylene,
which have simllar ignition temperatures, are different. Moreover,
the bolling points of these latter two compounds differ considerably,
being 325° and 140°C, respectively. It seems, therefore, that under
these condltlons the physical properties of the fluilids are less
important than chemlcal reactivity in controlling the 1gnition delays.

The author wilshes to acknowledge the suggestion, made by
Gordon H. Ringrose, that the shock tube could be used to test the
reactlvity of hydraulic flulds; and the assistance of Edward ‘S. Elake
and Ralph E. DeBrunner who furnished the experimental hydraulic fluids.
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e Strvinity oné Combustior Intensity of Pulverized
Anthracite Flames

Pernsyivania State University
Lepartment of Fuel Techrology
Coliiege of iineral Industries
University Park, Pernsvivenia
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Reaction Rates of Single Coal Particles: Influence
of Swelling, Shape, and Other Factors

il

By Robert H. Essenhigh
Department of Fuel Technology, College of Mineral Industries
The Pennsylvania State University, University Park, Pa.

and G. C. Yorke
Department of Fuel Technology and Chemical Engineering
University of Sheffield, England

N oa o A

1. INTRODUCTION

Coal partlcles burning in oxygen-vitiated and enriched atmospheres,
at about 1000°C, have been shown by Previous work (1,2,3) to burn in the
expected two- stage process of: wvolatiles combustion; followed by burn-out
of the solid carbon residue remaining. The same work also showed that the
solid residues burned according to the Nusselt-predicted (%) "square-law", P
by which the burn-out time (t,) was directly proportional to the square of the .,
initial particle diameter (d f. However, although the agreement between
prediction of the residue pveflavior and experiment was generally found to be
adeguate to good (l 2) there were several questionable points in the theoretical!
assumptions made in the modified (5,6) Nusselt theory used. These assumptions
centered principally on the suggested behavicr of the particles on swelling,
and the ultimate effect this could have on tke combustion behavior, particularly'
if the particles formed hollow cenospheres (7,8). Several questlons were -
set up by this, as follows: (1) How much did the particles swell? (2) Was ¢
this swelling reasonably isotropic? (3) How did swelling change with coal g
rank? (Y¥) Did the particles form cenospheres? (5) Did cenosphere formation, /4

T ¥l

if any, affect the mechanism of burn-out, anc. if so how would this affect’ A
the theoretical analysis? (6) What 1nfluence did particles shape have 4
on the final shape after swelling, and therefore on the combustion behavior? i

To answer these questions as far as possible, a number of particles |

Fe

from each of the 10 coals used in the previous investigations (1,2,3) were
photographed during combustion, and it was found that reasonably satisfactory |
answers to all six questions were obtained with, in addition, further informatio:
on swelling properties of coal particles.

The purpose of this paper is now to describe the photographic experiments *
carried out, the results obtained, and the answers that were provided, by ;
these, to the questions given above.

2. EXPERIMENTAL ’ 4
" Whilst the coal particles were burning, in the combustion unit described

in the previous papers (1,2,6), they were photographed using a continuously
running camera adapted to take intermittent exposures. ‘/

g
s
4

2.1 Combustion Unit - The method of burning the particles was exactly the
same as that described in the first two publications of this work a.2).
The particles, in the size range 0.5 to 2 m. m., were cemented to fine silica
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threads with a high temperature cemen. and then suspended, cantilever fashion,
between two heating-coils made of electrical resistanice wire wound in flat
spirals. These coils were about 1.5 m.m. across, and mounted with their planes
hOll%Ontal about 1.5 m.m. apart. The coils were heated electrically, to about
1000°C. :

2.2 Pyrolysis Unit - For a few experiments, carried out on one coal alone,
the combustion unit described above was enclosed in a brass box, with observa-
tion windows, that could be flushed out with CO This made it possible to

I observe the behav1or, and measure the swelling of particles just pyrolysing
without burning..

2.3 Optical Unit - To illuminate the particles, a 36-watt car headlamp bulb
was placed at the foecal point of a 10-cm. f.1. lens to produce a parallel
beam of light. The particle combustion, or pyrolysis,unit, was placed in
this parallel beam, about 20-cm. from the first lens, and about the same
distance from a similar lens which then created a real image of the burning
particle at about a one-to-one magnification. This image, therefore, could
exist also as a real object, well clear of any heat source, that could be
magnified to any required degree by a suitable short-focus objective close
to this real object. The second image from this could then be projected
onto a screen, or into a suitable camera.

2.4 Camera - The one used was a Cossor 35 m.m. Oscilloscope camera, with an
adaptation to provide inrermittent exposures on continuously moving film. A
glass screen was lightly ground with abrasive and placed at the end of the
camera tube, in the same relative position as that normally occupied by the
Oscilloscope screen. The particle image provided by the optical unit was
projected onto this screen, at a net magnification of about 5, and this image
was then photographed (from the reverse side) by the Oscilloscope camera.
This final stage diminished the image, but the overall magnification was still
about 2. By trial and error it was found that the glass screen could not be
too lightly, or too heavily ground: in the first instance the contrast
between image and surroundings was too faint; and in the second, too little
light was reaching the film.

/fA/g/V* B ST A
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2.5 Exposure Unit -~ Since the 35 m.m. recording strip was moving continuously,
it would have blurred any time exposure that was of adequate duration to
affect the emulsion used, even at the low speed of traverse involved. (The
epulsion was on opaque recording paper, not on transparent film strip.} A
rotating glass plate was therefore placed in the paralled light beam, between
the particle and the second lens. As the plate rotated, it moved the image
formed at the camera and, by adjusting the rate of rotation, the speed of
motion of the image and recording paper could be matched (on the same principle
as that used by the Fastax camera). This produced a clear image and, by
incorporating a simple shutter, a series of single exposures could be taken.
Finally, the rotation was synehronlzed with the camera by using gears and
spindles of Meccano (a type of Errector set) to take a drive off the camera

’ motor. Timing of the frames was then obtained by timing a given number of
revolutions of the rotating plate.

4

R N

\. 2.6 Coal Preparation and Data - Information on grinding and sieving the coals

«, 1s given in detail in the previous papers (1,2,6). They were crushed and
ground by hand in a pestle and mortar, and then sieved mechanically using the
complete sequence of British Standard sieves from 3/16" to 52 mesh (4760 to
295 microns). In these photographlc studies, the partiele sizes mostly used
wore about 2 m.om. :
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Table 1

Coal Analyses and Data

(1A) Ultimate Analysis (d.m.f.)
Coal c H o N S \Y Ce~ Cy
(1) Stanllyd
(Blaunhirwaun) 93.00 3.35 1.59 1.33 0.73 9.9 90.1 2.9
(2) Five ft.
(Deep Duffryn) 91.80 u4.08 2.32 1l.uz 0.38 14.9 85.1 6.7
(3) Two ft. Nine
-unknown- 91.20 u4.35 2.54 1.65 0.26 28.8 71.2 20.0
() Red Vein
(Cilely} 89.70 u4.66 3.55 1.67 0.42 23.3 76.7 13.0
(5) Garw
(Cwm Tillery) 88.90 4.99 4.50 1.33 0.28 30.6 69.4 19.5
(6) Silkstone
(Elsecar) 86.90 5.79 5.50 1.51 0.30 4l1.5 b58.5 18.u4
(7) Winter '
(Grimethrope) 84.00 5.u47 8.29 1.8% 0.39 39.3 60.7 23.3
(8) Cowpen .
(Northumberland) 82.70 5.40 9.60 1.80 0.50 40.2 59.8 22.9
(9) High Hazel :
(Thorne) 81.90 5.57 10.52 1.58 0.43 u0.7 59.3 22.6
(10} Lorraine
(Faulguemont) 79.25 5.13 1u.16 0.95 0.51 u40.2 59.8 19.5
(1B) Proximate Analysis and Other Data
’ B. S.
Sw. No.
Coal V.M. H,0 Ash CO g/cc. M m
(1) Stanllyd 7.9 1.3 2.9 =73 n.c. 1.38 0.871 3.06
(2) Five ft. 12.6 0.9 3.9 0.26 1 1.40 0.993 3.20
(3) Two ft. Nine 28.9 0.8 22.2 13.3 11/2 1.36 1.150 3.15
() Red Vein 20.5 1.0 1.6 0.04 6 1.34 1.794 3.01
(5) Garw 27.7 1.0 3.7 0.05 4 1.31 0.934 3.04
(6) Silkstone 39.6 1.3 1.7 0.35 u¥2 1.28 0.690 3.00
(7) Winter 36.0 2.6 1.7 0.77 3 1.25 0.848 3.06
(8) Cowpen 34.6 7.3 4.1 0.95 1 1.27 1.000 3.17
(9) High Hazel  36.7 5.1 1.0 0.0 1 1.27  0.941 3.04
(10) Lorraine 35.0 5.0 5.9 0.52 n.e. 1.36 0.919 3.01

0.38

0.38
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The coatl analyses are given in Table 1, which also gives for the full
article size range, the size coefficients (M and.nD in the empirical relation
etween weight (wp) and initial diameter (d): :

m
w, o= Mdg (&Y

Mere M and m are empirical constants determined experimentally. The method
or determining M and m has already been described (2) but, briefly, required
-he weighing of groups of particles from a number of sieve cuts to determine
" (the mean weight per particle) at a given mean sieve aperture as diameter,
l,. The best values of M and m were then determined by the method of least
squares.

3. THEORY

The "square-law” relation referred to in the Introduction was first
levived by Nusselt (4) for heat and mass transfer to and from a sphere. This
theory, and necessary modifications for application to swelling coal particles,
as been adequately covered in the previous papers and publications (1-3,5,6);
the purpose of this section is to indicate how the theory may be modified
further if needle-like coal particles are treated as cylinders instead of
spheres. N

For both systems the approximation of single diffusion of oxygen
through stationary nitro&n is used. The Stephan flow (9) is also neglected
since the previous studiss (1,2) showed this to be a valid approximation
for oxygen in air and vitiated air atmospheres (though not for enriched
atmospheres (3)). :

The starting point for both theories (sphere and cylinder) is Fick's
Law for diffusion:

1

g = -D(aN/dr) @)

A\l
vhere ¢ is the number of molecules diffusing across unit area in unit time;

D is the diffusion coefficient; and dN/dr is the oxygen concentration
gradient at any distance r from the center of the sphere.

The next step is to write the continuity equation which is slightly
different for each system. For the sphere we have:
1 1
a2.gs = r2.g (3a)
whilst for the cylinder
LI . 1

a.g, = r.g : ‘ (3b)

This makes the difference in the solutions for g since, on substitution for
g and integrating, we have
1

sphere: ' _ -gg = D(NO -Ng) / a - (ua).
: ' Dmo- N / a.ln(r/a) (4b)

cylinder: = : -8
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where the subscripts to N are for the main stream values and the solid surface
values respectlvely, .a is the particle radius; and r_ in eqn. (4b) is the
distance at which the main ‘stream’ value of* N is- reached: +In‘egqn. (4a) this

is taken as infinity, and the term 1n r ‘vanishes.” In 'eqn.: (4b) the equation
becomes meaningless, if ry is taken ‘as gnflnlty. +Al1]l we:can,dg then is to
consider the equation for®the mass transfer coeff1c1ent k. This is:

1
g, = kM_ - Ny 4 )
But the mass transfer coeff1c1ent is related- to the Nusselt number for mass
transfer by the definitive group;

Nu =A1-<(2a)r m ‘ S ®

For the sphere, it can be shown from egn. (4a) that in quiescent conditions,
Nu takes the value 2. Experimentally, it has also been shown by data (10)
quoted by Gruber and Erk (11} that Nu also tends to a constant value, of
0.43, for the cylinder in quiescent ambient conditions. If we assume that th:
holds generally, we than get the alternative equation for the cylinder:

—gs = 0.215D(N_-Ng) / a (1c)

which, clearly, differs from eqn. (4a) only by the factor 0.215. From either
equation, we have that the specific reaction rate is inversely proportional
to the radius. Integrating, as in the previous analyses for the sphere, we
get for the variation of diameter with time:

@ = d®° -t /'K : M
o ,
where K is the burning constant, given by (2,5}
_ , 0.75
for the sphere K, = e/ 3 ﬁ) Dopo(.[‘/'l'o) (8a)
and for the eylinder K, = ¥ /0.215 = W.65K_ (8hb)

so a cylinder of radius a should still burn according to a square law, but
take upbld or 5 timeslonger to burn out than a sphere‘

3. RESULTS

3.1 General Behavior - In these photographic studies, between 30 and 40
particles were burned (compared with over a 1000 in the previous total-burnin
time studies). The particles were mostly cubic in nominal appearance, this
being the same principal basis of selection as in the previous studies, but
a few were needle shaped particles selected to study the influence of shape.

The burning particles all exhibited the characteristic behav1or of
volatiles generation and combustion,with swelling during the volatiles combus
phase; this was followed by re51due burn-out. Diameters were measured from
the photographic records and plotting the square of the diameter against
frame number (as Time), to test eqn. (7), %he Figures 1 and 2 show the type
of plots obtained . Figure 1 is for the Stanllyd anthracite, and Figure 2 f«
the Cowpen coal. In the latter, the effect of swelling is clearly illustrate
by the sudden rise and fall of the curve at the start of combustion. Swellir
in air is therefore a two- stage process; first there is a large expansion,
followed by a contraction. In CO,. there was only expansion, no contraction.
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the cend of the contraction, the line is seen to flatten out: this is the
iduc combustion. The curve of Fig. 2 is typical of all the bituminous
1s, whatever their swelling number.

Swelling and Swelling Factor - f - The identification of the peak in Fig. 2
h the period of .volatiles generation was more or less self-evident, but
ther, positive identification was provided by simultaneously recording the
ht output from the particle with a photocell. This technique had been
d in the previous studies (1,2) to determine the total burning time,
t it had been found during those that the period of volatiles evolution
l combustion correlated with a characteristic trace in the record of the
tocell output. This trace was a random high freguency oscillation due to
flickering flame from the volatiles combustion. Identification of this
\racteristic trace, and comparison with the photographs, showed that the
‘ticles started to swell a little in advance of the start of the volatiles
ibustion; the volatiles continued to burn right through the main expansion
1 contraction period; and the start of the residue combustion correlated
1 with the start of the final linear portion of the plot of Fig. 2.

With this positive identification, measurements were then made of some
‘egular shaped particles to check the degree of isotropism in the swelling.
: particles selected for this were quite long, rectangular or needle-shaped
~ticles, the selection being based on the assumption that if they broke
1-isotropically, they would be the most likely to swell non-isotropically.
the event, they swelled quite uniformly, all dimensions changing in approxi-
cely the same proportion, as with substantially all the other particles
1died.

Swelling determinations were then carried out on selected particles of
L the coals to determine their average swelling factors. The swelling
>tor, f, was defined as the ratio (d_/d ), 4 being the initial, cold
ameter, and d_ being the diameter at™the staPt of the residue combustion.
> values of this ratio, £, are summarized in Table 2 for the ten coals. As
1 be seen, the scatter is quite wide for any given coal, but the average
very close to 1.5 for all the bituminous coals used, irrespective of the
3. swelling numbers. This result was quite unexpected, and it raises in
astion the meaning of such quantities as B.S. swelling number. The difference
tween swelling factor and number is obviously dependent.on the different
Jerimental conditions in the methods of measurement. In contrast to the
2lling-factor measurements on single, unconstricted particles, as described
ove, Swelling Number tests are made on groups of particles under some . degree
constriction, and are, therefore, partly able, and partly forced to swell
to each other. Initially, at low volatile content in the bituminous range,
ere is little l0ss, and therefore little increase in porosity. However,
the volatile content (and loss) increases, there is more and more space
adjoining particles for others to swell into, thus producing the character-
tic inverted 'U' curve of the swelling or caking index against coal rank.

3 Residue Burn-Qut - Study of the residue burn-out was the most crucial

int examined. The particular point of interest here was in the change of
ameter as the particle burned out:. - Sinnatt and others (7,8) had shown

ny years ago that coal particles carbonizing in neutral or reducing atmospheres
1l form hollow shells, generally known as.cenospheres, the optimum tempera-

rn of formation being between 600 and 700°Cc. If such a change occurred to

¢ single particles before the residue combustion, then the theory of the-

sselt analysis, or any other similar analysis, would be quite inapplicalbe
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since these depend on the assumption of reaction at the exposed nominal

or superficial surface, alone; also the integral of the burning rate depends
on the further assumption .of uniform particle density, right down to zero
-radius.

-This was in essence the basis of Ornings criticism (12) of-one of the
previous papers (2). Explicitly he mentioned the need to integrate. to some
finite radius as the lower limit, and not to.zero radius. However, the
experimental results do not support the expectations based on the cenosphere
formation, but they do support the results based on -the original assumption -
of uniform density right down to zero radius. : The.curves of the type of
Fig. 2 show quite clearly that the results obey eqn.-(10). This means that
the rate of burning (dm/dt). is proportional to the radius or diameter,.down
to quite small radii. Few particles .could be followed right down to zero
radius because of the difficulty of measuring less than one millimetre on the
recording strips, but most could be followed to between 70 and 90% loss of
mass, so the agreement found over the measured range. Justlfled extrapolation
to burn out.

The slope of the burn-out section of the curves is given by eqn. (7) as
1/K. As a check-on the magnitudes to-be expected, these-were calculated for
marny ‘of the particles, and the values found ranged from 1000 to 2000 sg.cm. /se(
in good general agreement with the wvalues previously reported (2). This is ...
further substantiation of the conclusion that the particles are of uniform
-density right to the center. Because of the variation in the behavior of
single particles, the scatter was about the same as that found for the total
burning-time measurements made previously, but because of the much smaller numt
of measurements made, these additional values hive less meaning and precision
compared with the previously determined values. ‘

4. DISCUSSION

4.1 General - With.the data available, there is little more that cah usefully
be added to comments already made on the forego:ng results. To our mind these
establish that the particles usually swell isotropically, with a swelling
factor that is remarkably constant over a wide range of coal rank (10 to 40% V
This alone is thought to be. a point of considerable interest and importance.
There was greater scatter in. the swelling factorr, f, between particles of .

the same coal than there was between the average values for different coals.
This suggests that useful attention could well e directed towards pure
maceral behavior as this might conceivably be responsible for the variations
found. The particles evidently do not form cenospheres under these ‘conditions
though it is always possible that the peak swelling was a condition of true
cenosphere formation, with destruction of the cenospheres as the temperature
rose above the optimum for their formation. In this connection, it is not
always realized that true cenosphere formation does not generally take place
in oxidizing atmospheres above 1000°C. This again is thought to be a point
worth further investigation. The only point not yet considered is the
influence of shape factor.

4.2 Determination of Shape - To discuss the influence of shape, it is

first necessary to determine what shapes the particles have. Wlth the
information on mass and diameter given in Table 2, -considerable information
can be obtained as to the most probable shapes of the particles. The
mass/diameter data is correlated by eqn. (1). If we divide through by the
coal densities, (Table 1), the data are converted to a volume/diameter correla
Let us now consider a number of regular shapes as follows: (1) cube of side
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. 1+y
(2) spheve of diameter d ; (3) chinder of diameter d, and length d, ;
(1) rectangular block of length dé X: (i) with square cross ngtion of
side dy: (i1) with rectangular cross section of sides d_ and d2"Y; (5)
spheroids, in both forms: (i) gblate and (ii) prolate, with minor axes of
length d. and major of length d- X. These all have volumes that can be related
to the dimensions with a multiplying factor, F, as in the Table following:

Table 3

Particle Shape Factor, .F

3. (4) Regular Shapes
Volume Factor (F
1. Cube a3 1
2. Sphere ) d;x 0.52u4
3. Cylinder @/h)ad 0.7855
4. Rectangular block 3
(i)regular d3:x 1
(ii) irregular a’xry 1
5. Spheroid
(i) oblate (n/6)ar2X 0,524
(ii) prolate (wr/6)d 0.524
3. (B) Coal Data F K(calq) K (expt) K(calc) /K(expt)
(x *+y)
1. Stanllyd 0.06 0.63 2680 2125 1.26
2. Five ft. 0.20 0.708 1725 1290 1.34
3. Two ft. Nine 0.15 0.8u5 1365 1470 0.93
4. Red Vein 0.01 0.592" 1500 1U475 1.02
5. Garw 0.04 0.713 1335 1610 0.95
6. Silkstone . 0.00 0.54 1080 1116 0.97
7. Winter 0.06 0.674 1095 1125 0.97
8. Cowpen 0.17 0.787 1055 1060 1.00
9. High Hazel 0.04 . 0.735 1075 1u50 0.74
10. Lorraine 0.01 0.675 1165 992 1.07

From this it can be seen that the cube and rectangular blocks have F factors
of unity; the sphere and spheroids, values of 0.524; and the cylinder is
intermediate, at 0.7855. For the data quoted, the particles chosen were those
that, by eye, looked closest to cubes, so we expected to find F factors close
to unity. In fact, as Table 3 shows, the values indicated that the shapes
approximated more closely to something between the spheroid and the cylinder
than to a cube or rectangular block. Table 3 also gives the experimental

and calculated values of K obtained previously (2); there seems to be no
correlation between the (x+y) exponent difference, or the F factors. We
therefore conclude that treating the particles as spheres was an adequate
approximation to reality, the more so as the particles definitely derived a
more rounded shape as they swelled, in spite of the general retention of

their original shape. The final difference between the calculated and
experimental values of K is most probably due to random scatter. Any

closer practical identification with shape will require more precise experiments
than those reported here.
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4.3 Influence of Shape - Although determination of shape did not provide

any further practical interpretation of the available data, the factor of
shape can, nevertheless, be usefully considered and discussed .in general.
Shape may be: partly a function of the inherent physical properties of a given
coal that control the shape on breakage, but Perry .(13) has shown that it is
also dependent on the type of grinder used. Perry reported that a disc mill
produced ldmellar shapes whilst those from a hammer mill were polyhedral,
tending to cubical. With decreasing particle size, the lamellar shapes tended
to vanish, and even the disc mill produced substantially polyhedral shapes

at very small sizes. In our experiments, the particles were crushed by

hand, in a pestle and mortar and, as described above, their shapes seemed

to approximate most closely to spheroids and cylinders.

In influencing combustion behavior, we might expect that, broadly
speaking, the smaller the radius of curvature of any part of the particle
surface, the faster that area would be likely to react, since the boundary
layer above that part should be a little thinner. It is difficult to say
for certain, however, from a study of the photographs, that this does or does
not occur; irregularities in the shapes of the particles are maintained for
quite an appreciable length of time - as long as 10 or 20 seconds - but most
of the particles appeared to have been reduced to good approximations to
spheres by the time they were half burned. The photographs in some instances
were misleading as the ash would occasionally remain as a fairly coherent,
though fragile, tracery, in the center of which the glowing, shrinking sphere
could be clearly seen by eye, though the photographs showed only the barely
changing outline of the ash. This was generally the case with the high-ash
Two Ft. Nine coal, but occasionally happened with the others.

What we would suggest, from both the visual and photographic studies
of the particles, is that reaction is in fact fastest at exposed projections,
and sharply curving surfaces. This means that shapes like cubes, prolate
spheroids, and polyhedral shapes in general will be reduced approximately
to spheres by the time they are half burned. Short cylinders and short
rectangular blocks of near uniform cross-section would therefore burn down
first to something approaching prolate sphercids, and thence again would -
reduce to spheres. This means that excess material might burn off fairly
rapidly, and the overall behavior would then approximate to spheres of diamet
equal to the cube side, the shorter side of the rectangular block, or the
mineor diameter of the prolate spheroids. Since these are the dimensions
most likely to determine whether or not a given particle would remain on, or
pass through, a given sieve mesh, it may well substantiate and justify the
successful use of the sieve mesh dimension in specifying the particle diamete
to be used in the combustion calculations.

Other shapes such as needles, long cylinders, long regular blocks, or
prolate spheroids with a big ratio of major to minor axis would be expected
to burn at rates rather closer to those expected of regular cylinders. The
square law relation of egn. (7) should still obtain, but the burning rates
and overall burning times should be rather longer. This expectation was neve
tested quantitatively but it could quite possibly account for some of the
scatter in burning times found at any particular given diameter.

Finally, there are shapes like oblate spheroids, flat rectangular plates
and lamellae. The behavior of these has yet to be investigated either
theoretically or experimentally, but our expectation is that they would very
likely burn in from the edges rather fast, giving burning times many times i1
excess of expectation on the basis of either the total mass involved, or on
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sieve diameter. It is also likely to .be sharply .dependent on the orientation
of the plane or flatter surface to the horizontal or vertical as this could
strongly influence the natural convection currents.and therefore the boundary
layver thickness. This, however, is an area of investigation still open to
study.

5. CONCLUSIONS

The conclusions that may be drawn from this study are in answer to the
gquestions set out in the Introduction.

(1) Particles swell or not according to coal rank. Particles from anthracites
(under 5% V.M.) swell negligibly or not at all. Particles from bituminous
coals, on the other hand, (greater than 10% v.M.) swell in air by a net factor
of about 1.5, this factor being substantially independent of coal rank.

(2) The swelling process is in two stages: first an expansion to 2 or 3
times the original diameter, followed by a contraction down to the final
diameter of 1.5 times the original diameter. In CO,, the swelling finishes
at the end of the first stage; there is no contrac%ion which presumably,
therefore, is conditioned by the presence of oxygen.

(3) 1In swelling, the process was reasonably isotropic, and apparently uniform
throughout, with no cenosphere formation.

() In burn-out, the particles evidently burned uniformly at the exposed
surface only. There was no evidence of internal burning (as is only to be
expected with boundary-layer diffusion control of the reaction). The
diameters therefore dimished with time quite regularly according to the
equation:

a2 = a° - tK
: 8]

with values of the burning constant K in agreement with those obtained
previously from studies of the "integrated" or total burning times.

(5) Finally, shape appeared to have no detectable effect on the burning rates,
other than maybe to increase the scatter in the burning times. Detection of
any such effect will almost certainly reguire more accurate studies, using
more precisely specified materials, both with regard to composition as well

as shape.
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Table 2

Values of Swelling Factor, £ (d./d.)

% V.M. % Values of f Mean (f)
1. Stanllyd 93.0 9.9 1,1 1
2. Five ft. 91.8 14.9 .5, 1.25, 1.9 1.55
3. Two ft. Nine 91.2 28.8 .1, 1.25, 2.2 1.48
3. Red Vein 89.7 23.3 2.75, 1.6, 1.7 1.72
1.7, 1.9, 1.7 ‘
5. Garw 88.9 30.6 1.8, 1.6, 1.4 1.64
. 1.9, 1.5
6. Silkstone 86.9 41.5 1.8, 1.4 1.6
7 Winter 84.0 39.3 1.3, 1.1, 1.6 1.58
’ 1.9, 2.0
8. Cowpen 82.7 ug.2 1.6, 1.5, 1.9 1.67
9. High Hazel 81.9 40.7 1.4, 1.5, 1.4 1.56
1.8, 1.6, 1.7
10. Lorraine 79.3 40.2 1.3, 1.5, 1.5 1.54
: 1.8, 1.6
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Predicted Burning Rates of Single Carbon Particles
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i. INTRODUCTION

In spite of the immense amount of research on combustion of carbon in the
last 30 years, the classic experiments of Tu, Davis, and Hottel (1} on 1" .
spheres are still of the best, and perhaps still the most widely quoted, of
all experimental work on the subject, carried out at atmospheric pressure,
and in this range of particle size and temperatures. The theory, of course,
has advanced in several particulars since then (see Reviews (2-5)) and it has
long been known that the original Tu et al. theoretical analysis was inadequate.
In the original analysis, only desorption and boundary layer diffusion were
considered as possible rate-controlling steps in the reaction: chemisorption
and internal reaction were neglected. This neglect was simply that, at that
time of writing, these two latter concepts had not been formulated, or not
generally accepted; also, as a rias against considering adsorption, this was
always assumed to be so fast as to be effectively instantaneous. According to
Brunauer (6), the concept of activated adsorption was first formulated in the
early 1930's - about the time of writing of the Tu et al. paper, or soon after —
but, even a decade later, it still had not been generally accepted, with the
consequence that many true chemisorption processes even then were being incor-
rrectly interpreted in terms of solution, diffusion, migration (mobile adsorp-
tion), or reaction at the solid surface itself (6). Analysis of the internal
reaction processes came even later, and has only been developed in the last

decade or so.

Thirty years of research, therefore, has largely inverted the relation
between theoretical to experimental work: that is to say, theory now leads
experiment in consolidated development. Even so, the theoretical position is
still confused: confidence in many of the theoretical concepts is still low
as there are now almost too many theoretical possibilities available to explain
any given set of new experimental data. Further definitive experiments are
required to clarify quite a number of theoretical ambiguities, inconsistencies,
and contradictions. One particular such point of major fundamental and
practical concern at the present moment is the relative inportance of the three
principal “resistances" (1,7) in the carbon oxidation reaction. The three
resistances are those of: bhoundary layer diffusion (Sy) 5 adsorption (5,);
and desorption ($p). For many years, only diffusion was ever considereé as
the rate control at temperatures in excess of 1000°K. Hottel and Stewart (8)
had in fact shown conclusively, 25 years ago, that this was definitely not the
case for smalil particles of pulverised-coal size, in flames, but little or no
notice seems to have been taken of this paper till recently. Latest work,
(9,10) however, has now confirmed the essential correctness of Hottel and
Stewart's conclusion, sut this now brings in guestion the basis of the previous
helief, and also over what range of particle sizes and temperatures the new con-
¢clusion is valid.
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In support of the original contention of diffusional control at high
temperatures, the paper most freguently quoted would seem to have heen that of
Tu et al. Si nce, however, the original analysis was incomplete or inadequate,
for the reasons given above, our thought was that the Tu et al. data might not
be inconsistent with the new concepts, but simply had never been tested against
) them. It is true that their data apparently gave full support to the coneept
\ of diffusion control, but it has been shown elsewhere (2) (following Brunauer's

(6) suggestion), that many combustion data can reasonakly be reinterpreted in
) terms of an activated adsorption control, instead of the generally assumed
’ diffusion control - if it can ie accepted that the activation energy, though
: low, is finite, in the region of 2000 to 4000 cal., and therefore able to
N generate a small, but not negligible, resistance. Given this assumption, the
¢ Tu et al. data can then, apparently, be shown to give egually full support to
N the alternative hypothesis of adsorption control. This evident contradiction

(i.e., equal support to both hypotheses(, means of course, that the intrepre-

) tation of the data, as analysed to date, is ambiguous; but it seemed to us,
nevertheless, that the ambiguity was in the analysis, not in the data. There-
fore, if the data were of the high quality that is generally claimed fov them,
it might be possible to remove the ambiguities by using the data to test the
full equations now available in the literature (3-5), instead of the partial
equations used hitherto (1) (see also (11,12)). which were generally based on
unverified assumptions of very rapid, and therefore neglectable, adsorption.
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The purpose of this papcr, therefore, is to presenft this re-analysis It

shows that tlc dat2z are indeed of ixecllent 'quality (Thus climinzting the need

[

~, for repiat of the experiments). It also shows that adsorption preseitts a small,
{ - but significant resistance, which increases in importance ‘as the particle size
AN drops, becoming dominemt at something under. 100 mierons. There are, therefore,
: no essential inconsistencies with cthér dnd more recent data, so the tested

\. equations can be used to some extent to predict combustion behaviour of very

i small particles.

k\ 2. THEORY

\ The literature and general theory of carbon combustion has been reviewed
’§ so often, and so extensively (2-5), in the last few years, that we do not

N intend, in this section, to do more than set out the essential equations in

R the best form for our immediate purpose of testing them by re-analysis of the

5 Tu et al. (1) experimental data. The most exhaustive of the reviews is that

\‘ by Walker et al. (%) who paid particular attention.to mechanism -details, inter-
nal reaction, CO; and other reactions, and influence of radiation. For our

‘ purposes here, however, the nomenclature of the other reviews is more convenient,
2 and has tierefore been followed. : .

Y, : ’ ‘

’ 2.1 General Model - The classic picture .of heterogeneous reaction between a
. flowing fluid. and the solid it surrounds (e.g., (13,14)) is that of a three

\ stage process. (i) The reacting fluid diffuses through a boundary layer

3 against the counter diffusion’ of inerts and/or reaction products - e.g., Np,

) CO_, CO. (2) At the solid surface the reacting fluid is chemisorbed, requiring
activation energy of adsorption, E,. - (3) After a finite residence time, which
can be microstconds, the final re:%tion step is co mpleted with the desorption
of the . adsorbed material which carries with it the underlying atom: of the solid,
so forming tht rcaction products: this requires activation énergy, E,. The

! tothl process is then completed with counter-diffusional é¢scape of these -
products into the main fluid stream. This gencral process can then be treatad
mathematically by settihg up the simultaneous equations both for boundary layer
and. porc, diffusion and for the appropriate adsorption isotherms. These are the
subjects of the next two section.
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2.2 Diffusion - Potentially, this can operate in two ways: by boundary layer

(external) diffusion; and by pore ( internal) diffusion.

o — -~

(i) Boundary layer diffusion: The existence of this process is well P
established, and the process well understood; and, as a result of excellent
agreement between prediction and experiment, (15- 17), COnleQﬂCG in‘“the* absolute
accuracy of the alffu31on calcu;atlons fo;'comoust;on rates is’ now nlgh

respectively: in the main stream, and adiacent to, the solid surface. The
velocity constant, k_, is a function of particle size and general ambient
conditions, including temperature and velocity in particular. Standard analysis
of this system, following Nusselt (14), leads to an equation for k_ that may
e written as the temperature function: : ° {

n-1 :
kg = AO (T/T.) &) {

where A, is a velocity dependent coefficient, given below; and n is an index
generally iying between 1.5 and 2, depending on the nature of the diffusing

Zases involved. For oxygen in nitrogen, which is the dominant system in air-
.combustion, experiment gives the Lest value for n as 1.75 (18,19). The 4
coefficient A is given by: 2

) '

To treat dleu51on mathematlcaLly, we deflne a velocity constant for mass F|
transfer (transfer coefficient), k 0° by the equation: : M
R, =k (@, - Pg) ' . o 1

where p is the oxygen partial pressure, with subscripts o and s for values, g
!

<

(PoMc/Mo) (Do/d)Nu = K.Nu . 3

where ¢ is the s.t.p. density of oxygen; M, and M_ are the molecular weights .
of carb8n and oxygen respectively; D_is the s.t.p. diffusion coefficient of v
oxygen through nitrogen; d is the particle diameter; and Nu is the Nusselt
nunber for mass transfer. In general, Nu is a :Junction of the Reynolds and
Prandtl numbers that can be written

Nu = 2 + c.Re".Pr’ (wa)

where ¢ is a numerical constant, ranging in value (according to hoth the heat J
and the mass transfer literature (20,21)) from 0.18 to 0.7, obtained by correla-
tion of data. Grober and Erk (20), in their review of tne mass transfer data,

give only the one value of 0.6 (22). This is close to Khitrin's value of

0.7 (23), quoted by Golovina and Khaustovich (24). The Pr index, n, is given 14
by nearly all as l/3, but in any case the Prandtl number in this instance is

50 close to unity that its cube root can be taken as 1 with less than 1% error.
The Re index, m, is also given a range of values, from 0.5 to 0.8 (see (20,21))
in the heat transfer literature, hut again, the purely mass transfer literature
seems to agree on 1/2. This is given by Ranz and Marshail (22) and by Khitrin,
(23) and it is also the value used to correlate combustion data by Graham

et al. (25) and by Day (26). Walker et al. (4) do cuote lower coefficients

than this for various combustion systems “Dbut the systems are not isolated /
spheres, Taking the value of 0.6 for ¢, 1/2 for m, unity for Pr, and expanding
the Reynolds number into a coefficient and a veloc1tv we can rewrite eqn (4a) i
as:
_ 1/2 .
Nu=2+c'.v (4b)

where c' takes the value: 2.64 (at c = 0.6).

(ii) Pore diffusion: This potentially can play a part only in the event
of pore or internal reaction. I~ it doss so, however, it has been shown
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velocity congtants for
the eguztions to e

clsewhere (27,5) that its ef
adseoryiion and desorption
rveloved in the next section (
pore reaction as they stand, wi
velocity censtants i

t s to generate modiiiea
rocesses., This means that
2.3) are potentially capaile of accounting for
th the sole modification of using apparent

the true oneg, with awtiliary ecuations to
velate the truc and “etiJc constants. Thesc mo and auxiiiary equatioms
are .riven a tue iiterature (4,5,27), but we are not giving them here since, to
anticipate our conclusicn, we Lonnd 1o apparent or cci*cta,Ac influence of pore
diffusion. his was not entirely unexpected since the burn-off on the whole
was Tairiy low, and little development of imternal surface would have,had time
to take Ula“" An indicator to this result was also provided py the original
conclusion of Tu et al. (1) that the low temperature reaction was zero order,
with respeet to the oxygen partial pressure, whereas this would have been a
haif order reaction had internal éiffusion played a part.

©
Dr'

We therefore saw no point in quoting the pore diffusion equations. We
mzntion It heve CﬂLy to show that the point was considered and capabie of

t
[P
u

fon Isotnerm -~ (i) Basis of choice: To set up the eqguation for
‘ocess itseif recuires Tirst the selection of an appropriate
noice here has leen made partly on the tasis of the behaviour
isotherms and manipulation of the resulting equat:ons, and
sasis of Occams Razor (the Princinle of Minimwum ”ypOL“;SeSl.

Two OLle”ﬂg considered were the Langm ir and the Temkin isotherms.
lL Zen of an isotherm sionld e carried out v experiments tc test

5

a

Tmine t;c most pirotabic one, ut th For th
In generai, however, i literature shows that most experimentai
correlated on the basis of a Langmuir isotherm (22,29,30).

s has not yet teen done

Information based on the variation of activation energies is also incon-
cius-v;. I a Temi«in isotherm is involved, these enercies must change with
percentase coverage ol the soiid surface Dy the adsor.ed iayer Data on these

enersies, however, are oniy plentiful for the desorption proc LSS, for the

ddsorption process they ave very scarce. For desorption, the literature
(3,%,22,30) zives values ranging Ifrom 20,000 to 80,000 cal.; but these seem
pﬂ’ﬂc1wa11v to vary with the expe;;mcatal system, aﬂd with the type of carson
used: the changes are never coxplicitly attributed to clhange o; percentase
coverare. Fcir adsorption, it has aliready been mentio ned in the Introductiop
thet the valuve is expected fo e low. This is the summary conciusion -y

Tfanne"ﬁ (31) in view of the speed and ease of chemisorption at normal and low
(=70°C) temneratures. Trapnelil aiso quotes values from Barver (32) which start
at 4000 cal. at low coveraze, in agveement with Blyholder and Eyvring's, figure
(30) , and alsc in agreement w1t1 the rc-estimates (2) of data in the litérature.
Barrer aiso shows that the value rises with coverage, the nishest ficure he
found Leing 23,300 cai. At this degree of coveraze, however, the activation
energies arc anproaching those or- desorptlon, and it will Hc shown kelow
(Analysis sec. 3.3) that the effects of rising E, and falling E, with increasing
coverase ¢o in fact offset each other: - the actudl degree to wihich this occurs
can only ué “ctermined by experiment, and this has never cen done. This
occurs In the middie range of the isotherm. At the extreme limits, at hizh
and at Jow coverage, the two iﬁotharms in any event tend toward each other,
so tue offsetting effect of changing Ew and E, in the micdie region of coverage
wiil tena to restore a Temkin isotherm™at leaSt to a pscudo-Langnuir isotherm.
Jince the use of a Temkin isotherm renders the ejuations somewhat intractable,
and In any cvent has Wever zeen conclusively estal.lished, we' therefore decided
to use the Lnnqnujr isotherm (on the :asis of Occams Razor) since this involved
fower aad simpicn sumptions, thouzh tl:is use was still with the reservation
that, if an Zsotherm could e used successfully, it might still e only
a pscudo-igsotiwerm.
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giij Langmuir isotherw: This isotheom depends on only twe velo:ity coEstants:
one for the adsorption process, k,; and one for the desorption process, .
Both are assumed to be invariant &ith respect both to oxygen concentratio%,
and to percentage coverage of the solid surface by the adsorbed film. If the
gpecific reaction rate is RS (zn of carkhon/sq. cm. sec.), the Langmuir isotherm
then gives us (5) '

where p is the oxygen concentration adjacent to the solid carbon surface. The
velocit§ constants can be written in general as

kl ‘-Al.exp(-El/RI) (6a)

kp = Ap-exp(-E,/RT) (6b)
where the E's are the activation energies as already defined; and A and A

are the pre-exponential constants or frequency factors. Like E_ andlE,, A22
can only be determined experimentally for the particular systemlunder gon51dem+
tion; but Al can, in principle, be calculated from Kinetic Theory, which gives

A, = B AT/, (72)
and

B) = M Py 20MRT, : (7b)
where: P is the absolute total pressure (dynes/sqgq.cm.); M is the mean mole-
cular weignt of the ambient gas; R is the gas constant; andnis a steric,

orientation, or entropy factor for the oxygen as it is adsorbed on the solid
surface.

For reasons to be explained below (Analysis, sec. 3), it is convenient to
incorporate the root-temperature term in an appsrent or effective activation
energy Ej, whence we may write

k

1 = By-exp(-E /RT) VR 7% (3a)

]

B, -exp (-Ei/RT) ' (3b)

The objective of this is to reduce the temperaturg-dependent factor A; to a
temperature-independent factor B,, and hence to By, (=Bl/b, where b =73.9),
where the factors B are also independent of velocity.

g.q Combined Kinetics - To take all the possible factors into account simul-
Faneously, it is clear that we must set up the equation for the cambined kine-
Xics by elimination of the unknown partial pressure p_ by solving for this
between egqns (1) and (5) and equating. This gives thé quadratic:

2 . =

Rs - (kopo + k2 - kokZ/kl)RS + (kopo)k2 =0 9
This is already cumbersome: it is clear that if the expressions for the velo-
city constants (k) are also inserted, the eguation becomes totally unweildly.
There are then so many coefficients that the expression could be fitted to
anything at all, relevant or not. For this reason, we have tried, in our
Analysis (sec. 3, below) to consider special cases that can be legitimately
extracted, and to test the expression, unit by unit. For this reason we derive
two of the special cases of importance, in this sectio n, for use in the
analysis below.
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L (1) kp large: For this socc1al case,; we d1v1de the equation through by

i X, and, find that, when k_ is large, the two terms (R%/k ) and (kgp /K5) both

; become vanishingly smaii.? This icaves only the famil¥ar® re51stance" €quation:
. /R, = (L/k oP ) +(l/k» 0) ' "(10a)

' .

y o | = 5.+ 5 Qo)

P where 'S' “is the appropriate resistance.

The significant point of this equation is that the reaction rate is first
order (proportional to p ) whatever the relative values of k_and k;. This is
important as this resistfnce equation applies only when k i8 large, i.e., at
high temperatures. This was the central error of the original Tu et al. (1)
analysis since the authors started by assumi rg that the reaction was first
order, over the whole temperature range; they then showed experimentally that
the first order reaction was true only above 1100 or 1200°K, with a zero order
reaction eilow this temperaturc (as later corfirmed by others (33,3%)); but
» vet they continued to analyse the full data in terms of their only-partially
applicable ccuations., For these reasons, the activation energy was mis-identi-
fied, and the part played by adsorption in the high temperature region was not
appreciated.

—~-

e, o

N e

(ii) "k large' The orlglnal Tu Lt al analysis therefore was based on
the concepf‘%T"f"II chemical control at low temperatures, and full diffusional
control at high temperatures. This only follows if adsorption is so fast that

- ky 1$ very large, and we than hmve another special case of great imterest. For
ky large, the term (k k,/k.) in cqn. (9). vanishes, .and the resulting expression
then factorises: o= 4 .

i ~—

e

®g - k) Ry - kp) =0 : (1)

What this implies is that:. k, is controlling at low temperatures; kopo'is
controiling at high temperatures; »but, between the two, there.is no transition
K region. Change from one region to the other is quite discontinuous. There is,
of course, continuity in the reaction rate values; obut there is complete
discontinuity in the slopes of the two curves at the junction of the two regions.
Experimentally, this has been shown explicitly for. the carbon-hydrogen reaction
3 (35), -and implicitly for the carbon-oxygen reaction under such conditions that
the reaction is possilly that oy CO,, with the carbon, in a double film at the

N onset of diffusion (2u). :

L T

/w"

k i (iii) k, large:-.For this condition, inserted for completeness, egn. (9)
: reduces to the Langmuir isotherm.of eqn. (5), though with Py substituted for
) ps.- We can then write in the resis tance notation: : .

) ‘ . .

; /R, =,51 + 32 e S (5a)
\

N 3. ANALYSID

.,

) In this analysis, now to-be developed below, our essential obiective was

N to extract experimental vaiues, from the cxperimental data, in such a form that

it would then e possibile to check one dependent variable against one indepen-

, " dent one, according to the developed equations, all other variables rgmalnlng
! constant in the particular process Leing checked. This seemed to us to be the
only valic way of testing such involved and elaborate equations as those given
ahove, though it is conceded that the methods of extracting thc operating
valucs may perhaps be regarded as somewhat guestionable in once or two particulars,
Howcver, it is difficult to se¢ what other approach could have been adopted.
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The analysis starts with a re—presentat*on of the data.

3.1 Data Plot - Flg. l shows the plot of the orlg*na' Tu, Davis, and Hottel
data (l), but as an Arrhenius plot instead of the double- lor plet that they
~used; also using carbon surface temperatures as be1ng more relevant then
furnace temperature. .

= On this plot, the almost-vertical dotted line on the right is the kp term,
fitted to the data, with an activation energy (E;) taken as 40,000 cal. This
value was sclected as it gave a better fit to the data than the 35,000 cal.
quoted by the original authors; it was also closer to other values found for
electrode carbon (see (3,4,21)). :

The heavy lines are "back-plots" calculated according to egn. (9) using
values of the constant coefficients as determined by this analysis.

3.2 Empirical Correlation - If the calculated back- plots of Fig. 1 are care-
ifully compared with the orlglnaL curves drawn in the original Tu et al. paper,
which lattarwere drawn empirically, the two sets will be seen to follow each
other very closely. This agreement was quite fortuitous, bhut it so happened
that the original curves were of considerable assistance in providing us with
a starting point in the analysis. In the first place, the marked curvature of
the lines in the original plot showed that the limiting approximation of egn.
(11) clearly did not apply. Therefore, if any approximation applied, it would
be closer to a Langmuir isotherm; moreover, this expectation was strongly

" supported by the shape of the curves. These all have a common starting point
.at low temperatures, with "fine-structure" splitting at high temperatures due
.to LSoth oxygen concentration, and velocity. What, therefore, we had to investi-
gate was the possibility that the curves were rodified Langmuir isotherms,

- obeying a two-term equation of the form:

/Ry = 1/k, + 1/k, (12)

where k2 is identified from the start with the same k_ desorption step as in
the previous equations; but k2 is inserted emplrlcaliy This is initially
definad, also empirically, by:

: , _
k, = A;.exp(—E'/RT) . a3
where El 'is an effective activation energy that is 1dent1f¢ed below as the E.
of egn.  (8b), and so is written as such here; and Al is an empirical veloc1%y
and concentration-dependent coefficient or frequency“factor.

Our procedure now is: first, to show that this formulation has empirical
value in correlating the data, to reduce these to specifications in terms of
empirical equations, incorporating empirical definitive, coefficients; and
secondly, to show that the empirical definitive coefficients also have funda-
mental justification and meaning.

3.3 Data Fit - To correlate the data by means of ecn. (12), the method used
is illustrated in Fig. 2. This illustrates the method for just three of the
data sets: namely, for the three oxygen concentrations, 21.0%, 9.69%, and
2.98%, at the single approach velocity of 3.51 cm./sec. All the other data
were treated similarly (plots not reproduced). On these data plots, two

"fitting" lines were drawn, one equlvalcnt to a slope of 2,000 cal., for E:, e

and the other equivalent to a slope of 40,000 cal., for . Parallel to these”
two lines, further lines were drawn which were expected to be the limiting

assymototes of the '"Langmuir" curves when these were calculated and drawn in on
top of the data. For the data of Fig. 2, this gave us, as can be seen, four
such fitted lines, three for the slopes of E , and one for the slope of EZ

:

N

Ny,
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As mentioned adove, the k_ line was retained as common to all the data (common
A, and E,), for all velocdties and oxygen concentrations, but there were nine
diffcran% values obtained of the ,empirical frequency factor A2 , though at the
common value of 2,000 cal. for . This splits the data into temperature-
dependent, and temperature—independent groups or coefficients (i.e., exp(-EART)
and A). : . .

M e B e O

Once the k, and k' lines had been drawn in, the "Langnuir" curves were
casily ‘calculatcd and arawn in, as shown in Flg 2. Beeause this was an empiri-
cal procedure, several tries were required for some of the lines to get a
placing of the k. line that would give the best looking fit (by eye) of the
Langmuir curves %o the experime ntal-data. In this fitting process,.a value of
4,000 cal. was also tried for E. ,-but the fit given was very poor in comparison
to the finalily-adopted value of ZDOO cal. Two other vaiues for E, were likewise
tried: 35,000 cal. as proposed by Tu et al., and 58,000 cal. as proposed
by Wicke (36). It was found by this that, within the limits of the experimental
scatter, the fitted curves were somewhat imsensitive to increase of E, above
40,000 cal. (the value finaily selected), hut the finally selected vatue seemed
to be the best compromise between the slightly conflicting demands af all the
data sets. It can also be seen, however, on both Fig. 1 and 2, that the final
Langmuir curve has a long traverse at the lower temperatures, particularly for
the 50.0 om./sec. line at 21% oxygen, that has very little curvature and,
wit.iin little ervor, a straight line could he drawn in, as an approximation,
that would have an cffectlve siope of close to 35,0800 cal. This would appear
to Le.the origin of Tu et al's .figure of 35,000, and therfore substantiated
our conclusion that our vaiue should exceed t eirs.

T N St w e e

-

o

> T -

s

P ———

One final point can also he ;;Lustrated on Flg. 2. If we accept that the
vaiue of Ey wiil rise, and E, will drop, with increasing surface coverage,
(i.e., decrcasing temperatur®), the effeet is shown in Fig. 2 by the dotted
curved lines. It is quite clear from this that, in plotting out the composite
Langmuir curve, the two tendencies could very well offset each other, as'r
described above, thus restoring what might bhe a Temkin isotherm to a pseudo-
Langmuir isotierm. This helps to justify our procedurc, at least fram the

T,

—

;\ empirical point of vicw.

) 3.4 Identification - The procedure outlined above demonstrates that the data
gx c?n'be described, to some degree of accuracy, by eqgn. (12), with the k_ and

\ k_ components described by egns. (6b) and (13). Now, if the experiments had

“  a?l been carried. out at temperatures in excess of about 11007K, and had been,
g continued to higher temperatures still, the k, term would have been relatively
*y unimportant, and the data couid have bhen described empirically by the k term .
K alone.. If, therefore, we now concentrate solely upon the k! term, what our

¢ Ffitting procedure has done is to correct the data for the k5 component, and

3 it now allows us to treat the data as if thc k, term were very large - i.e.,the
low temperature resistance, S, is very small.” But, under these circumstances,

\
7 the original eqn. (9) rcduces to the familiar resistanue approximation of

% ecn, (lO), whicihi can be wrltt;n in the alternative form:

I

N R, = klp / (L + % /k ) (for k large) . aw

" and this can now be compared w1th the melrlcally derived equatlon'

. St o ) ,
x\ . Rs X, Az.exp( El/RT) (15)
3 this being the contraction.of egn. (12) when k, is very large. The A7 coeffi-
cicents are tomperaturce independent, LHut still aoncgntration and velocity depen-
dent. IF, therefore, the empirical coefficients A, have any fundamental justi-
fication, we must be able to set up an identity hetween eqns. (14) and (15).
Testing this presumed identity is the subject of the mest of this section (3).
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3.5. Concentration Propectivs of Empirical Co fficient A; - The identity

3

between eqns. (1) and (15) may be simplificd by writing:

By =Al.D (162)

o
fand so R. =

S

[WLANIRRTE

(16b)

&

o
whenee, if. the identity holids, the new empirical cocfficient-A] shouid now b
indcependent of tempirature and oxygen concentration, and dcpcnaunt only upon
velocity. This can L¢ substantiated, in the first instance, oy tusting the
relation of can. (16) against the oxperimental data. his can only %e done for
the two lower veloeities, at 3.51 and 7.52 cm./sec., but the resuits, shown in
Fig. 3 support the identity. For complotiness, cgn. (16) has been assumed to
hold for the other three veloeitics, even though measurcments were made only at
one oxygin concentration, and straight iines for thesce three velocities have
also been included. The slopes of these lines give the cmpicical coefficients
Al, which should now be functions of veloecity alone, with the temperature and
concentration dependence climinated.

1
3.5 Values and Properties of Empirical Coefficient A: - The variation of A,
with velocity is shown graphicalily in Fig. %}2 also shown, for rcasons that™
will be developed, is its variation with v . This variatinon with the¢ square
root of the veloeity follows from thu iden%ity between Ai and Xy, which now
rcduces to

R, = Ai.po.cx'p(—Ei/RT) = By .po-exp(-E1/RT) / (1 + ky/k)  (17a)

or AL =By / (A + ky/k) (175)

This formally incorporates the identification of E. in egns. (8b) and (13) as
being the same in both cases. It will be seen immédiately from this that, if
the adsorption rate is imdeed very fast compared witn the transport rate, ko,
then the ratic kl/ko would be large compared with unity, so we wor}g get Al

proportional to k_: hence - from emms. (2), (3}, and (¥) - to v, . The

significant curvafurc on the square-root plot of Fig. U4, substantiated by later
plots, shows that k, is not very large compared with k_. However, before these
additional plots cafi be @xamined, onc further point concerning the temperature

dependence of the identity must be investigated.

T
3.6 Temperaturc Dependence of Empirical Coefficient A, - By the method of
derivation, the coeificients AJ and A] arc necessarily defined as being tempera-
ture independent. It is apparént, hoWever, from the proposed identity of
eqn. (17b) that the right hand side of the identity still contains temperature-
dependent terms. The coefficient B! is defined as being temperature indepen-
dent; the dependency is incorporatéd solely in the two velocity constants,
ko and k,. Since the two constnats appear in their ratio, Kka/ky, whit we must
establisﬁ, for the identity not to fail, is that this ratio has negliginle
temperature dependence. From eqns. (2) and (8b) we can write:

= ! 3
}‘o/l\l (Ao/Bl) .f (13a)
where £ = (T/TO)O'?S/exp.(—Bi/RT) (135)

1
the quantity, f, heing the temperature function ratio. Taking E, as 2,000 cal.
this temperaturce function ratio has been calculated out for the temperature
range 900 to 1700°K, and the result of the calculation is shown graphically in
Fig. 5. It is clear from this that the ratio is very constant indeed. For

the range from 1000°K, the value of the ratio can se taken as 7.1 * 0.1. This /

represents less than 1.5% variation which, compared with the scatter of the
orlglqal expc?imental points, is gquite acceptable. This confirms that the
coefficient Al has now been rceduced to a function of velocity alone.
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”hl_;"”__ endenece ci Empisical Coefficient A - By using the tempera;ure
, We may now re- ~write e- . (A78) in the form:
l/A (1/31) + (1/fA)) {(19a)
o = (]./Bl) + 1/£.K@ - e’-f‘Tc;) (A90)

Thc only variable terms now loft in this are: the *ndependent variable of
tocity, v _; and the dependent variable, A., obtained by rcduction from the
LV“LClmGntai data. Eqn. (19) is not a function that can be tested directly
as it stands tut, as a first approximation, we may assume that 2 is small
compared with c'w vy . The appropriate plot to test this is given in Fig. 6,
which like the square-root plot of Fig. 4, also shows detectable curvature. In
point of fact, apparently good-fit straight lines could have been run through
both plots but, when this was tried, there was then an inconsistency amounting
to an order of magnitude in the valucs of the ordinate intercepts of the two
plots. By successive approximation hetween the two piots to remoee the
inconsistency, an ordlnate intercept in Fig. 5 of value 103 was finally adopted

for the quantity 1/B' This value was then used to test the following final
arrangement of can. lgb):
1 1 . '
v [aa) - (1/131)] = 2fK + (fke ) Vg (19¢)
This firel equation was tested v the plot of Fig. 7. This shows that_the

function is satisfactorily obcycd with an intercept of value 0.6 x 1077, this
being the value of the quantity (2£K).

This ;unctlonai agreement thus suustantlatcd the identity of the empirical
coefficient I1 with the theorctical guantity B /(1 k. /Vo)a as in egn. (L7L).

3.8 Coeificient Vaiues - What we have now established is that the proposed
eguations have the correct functional form, which therefore provides gualtative
susstantiation of the picture developed. However, the graphical plots do more
than this: they also provide experimental values, by way of slopes and inter-
cepts, of the various coefficients invoived, and these experimental values can
now ¢ compared with the values predicted from theory. In general, these will
De seen to show agrgcment Le*ween prediction and experiment that varies from
adequate to excellent.

3.3.1 Diffusion and Velocity Coefficients - (i) Zero velocity: At zero
velocity, we get the limiting value of 2 for the Nusselt number. Physically,
this represents the situation where the particle is surrounded by a totally
guiescent diffusion fiim excerting its maximum influencc. To compare theory
and experiment, the experimental coefficient relating to zero velocity is the
ordinatc interecpt on Fig. 7. From this plot, this intercept has the value:
0.5 x 103, By eqn. (19c), this value is predicted by ti:¢ quantity (2fK);
i.e., 7f(p MM % (D /d) Taking the following valucs fer these quantities:
¢, as 1.u3% 1O c,/c c. Mc and MO as 12 and 32 respcetively; D as 0.181
sq. cm./séc.; and d as 2.54 em.; we have K = 3.83 x 16-°2. Since f, from
Fig. 5, has the value 7.1, we aiso have

-5

{i

predicted vaiue: 2fK = 14.2 x 3.83 x 10

0.545 x 1073 comparcd with

1§

» experimental value: 0.60 x 1073
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This agreement is clearly acceptable. It is, however, no more than we
‘now expect from diffusion calculations in view of the excellent agreement
already obtained elsewhere (15-17) using sueh calculations. Confidence in the
accuracy of diffusion calculations is now very high,

(ii) Finite velocity: In the following system, the agreement on coeffic-
ients is as good, though the order of -agreemént depends on whose equation is
chosen from the literature for comparison of ‘the coefficients; there are also
two points that ‘can be queried about the method of the theoretical calculation.
To compare theory and experiment, we have in this instance the comparison of
the values_for the slope of Fig. 7. The experimental value, from the plot, is
0.725 x 10°. The predicted value is given, again from eqn. (19¢), by its second
term,. as: fKc',  The value of fK is given above as 0.2125 x 10-3; and for c'
is given (from Ranz and Marshall's data (22)) under eqn. (4b) as 2.64%. Hence
we have:

it

0.2125 x 1073 x 2.64

predicted value: - fXe!

]

0.7175 x 1073 compared with

experimental value: D.72§ X 10~3

U

]
1
11
[

This agreement is also excellent. The only reservations on the predicted
value are concerned with: the use of the s.t.p. gas viscosity in evaluation
of the c' coefficient (in eqn. u4b). Since the gas viscosity increases roughly ,
in proportion to the square root of the temperature then, taking a mean tempera-

“ture of 150009K, the correction factor to be applied is division by the fourth ;
root of 1500/273. This gives us about 1.5. However, we should also correct
for the increased velocity past the sphere at its perpendicular diameter to the
gas flow due to the constriction of the tube. . This gives us a multiplying
correction factor, for both corrections combined, of about 0.75. If, however,
we then use Khitrins coefficient of 0,7 (23), instead of Ranz and Marshall's
of 0.6 (22), the correction factor is about 0.9. This would still put the
agreement between the predicted and experimental values within an acceptable
10%, but quite clearly, the possibilities of selecting values that will fit
becomes so wide that better agreement finally becomes meaningless.

—
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3.8.2 High Temperature Rate Coefficients - (1) Energy of Activation, Es: The
choice of apparent energy of activation, E,, has been fully discussed above.
This is not a quantity that can easily be predicted from first principles. A
few have been (e.g.: adsorption of H2 on carbon (37)), but no simple general
~method yet exists.

o™ Ol

The apparent value is related to the true value by eqn., (8). The effect
of dividing the Arrhenius exponential by~/T/T, is to reduce the true value by
about 1400 cal. By calculating the quantity exp(-E,/RT) x N/T/To, and making
an Arrhenius plot, a value of 3,400 cal. was obtained for the true activation
energy E,. This is clearly in line with the values given by Blyholder and
Eyring (50), and by Barrer (32) for low arca of coverage; it is also in line
with the estimates made elsewhere (2). Another interesting figure can be :
extracted from the low temperature and pressure studies of Laine, Vastola, and
Walker (38). They quote activation encrgies of 44,000 cal. for carbon gasi- ,
fication with oxygen, and 36,000 cal. for the simultaneous oxygen depletion.

As with Gulbransen and Andrew (39) (whose respectove figures were: 0,000 and ﬂ/
35,000 cal.), these represent respectively the values for the desorption ;
process alone, and for the total reaction. If the latter figure is the value |
of (E2 - El), then we have a subtraction, values for El of 8,000 and 5,000 cal.

~a L
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f?om Laine ¢t al. and Gulbransen and Andrew respectively. Both figures are in
, linc with Barrer's values (32) at low to medium coverage, and the higher is
close to Bannerjee and Sarjants value (40) of 8,300 cal.

(ii) FEregquency factor: This is the quantity A,, or B, as the temperature-
independent form of the coefficient, given theoretic%lly by egn. (7). It is
related to the experimental gquantity, B., through eqns. (7) and (8). The
experimental value of By is 0.01, obtained as desecribed in sec. 3.7 by -
Buccessive approximation. By eqn. (8) we get, for B,, a value of 0.039. This,
’ however, is substantially lower than the predicted_value of Bl when the orienta-
tion cocefficient is unity. Taking P as 1.013 x 10° dynes/sq. cm.; M as 30;
and R as 8.37 ergs/degree mole; we get a calculated value of 5.89 for B,.
" Since this is substantially above the experimental value of B, we may reasonably
infer, following Laine ¢t al. (38), that the difference is dut to the orienta-
« tion or steric factor,,. This can be calculated from the identity:

h

-

Bl(exptl.)/Bl (predtd.)

.0.039/5,38

il

1/150

5 This is witin a factor of 2 or 3 of the values for ! given by Laine et al. (38),
i which ranged from 1/56 to 1/83. If the adduced explanation for the discrepancy
) between the two B, values is correct, the values of are at least in order of
magnitude agreemefit.

3.8.3 Low Temperature Rate Coefficients - Little need be said about the low
N temperature coefficients. The identification and interpretation of these has
never been in dispute., The, values of A, and E2 adopted, as described above,
ki of respectively: 1.05 x 10 g/sq.cm.seg., and 40,000 cal.,are in line with
} other values given in original papers and reviews, to which reference may be
Y% made fer comparison. '

" . DISCUSSION

) 4.1 Guncral - What these results clearly establish, to our mimnd, are: first,

k the generai valiidity of the approach; sccond, substantiation of the high

N reliance that may bhe piaced on the diffusion calculations; and, th:ivd, the

. dcgree of confidence to wrhich the guoted equations may be used for calculating
m2ss transfer in a flowing system. Given these, the most important final

N\ conciusion that may be drawn is the relative importancc of the high-temperature

i rosistance, Sl, in comparison with the difFfusional resistance,$ . This final

™ point is now amplified in the sections following. o

»j 4.2 Resistauce Rutios - (1) 8/S : To show the rclative importance of S;

y to SO, it fermer has hiterto weBn generally neglected as too small, Fig. 8
\ showS a piot ol their ratio as a function of velgeity. The single line given
>
\

is valid over the temperature vange 1100 to 1700°K, to witinin about 1%, it
is also independent of oxygen concentration. This shows that, over the velocity
range of the experiments, the resistance ratio rises from 0.18 to 0.57. As
} percentages of tie total reaction resistance, these figures show that §, rises
N from 15% to 36%, waich elearly is not negligible. This confirms the coficlusion
drawn frcm (11) that continuity in the slopes of the curves can only mean

that S5y is significant.

N

AN - B
At zcro velocity, the ratio does becom:- .. 'y small, dropping to about 20:1l.

This however, is truc only for these very lam; . spheres. Since S, 1s propor-

tional to the sphere diameter, d, by egns. (IL1, (2), and (3), we then have

that the resistance ratic is inversely proportional to the diameter, d. Thus,




196

even in a guiescent. system, G
the resistaiice ratio up to 2 to
value. At 250 mieronz, The ,ragi
resistance; and at 25 microns, or pulverised coal part*c'e size, the. diffusionai
resistance, S hecomes ‘vtally unimportant, in acreement with orev1ous preGcic-
tions and cailula tions (u*,nz) (a lso s@e ‘elow) ) - )

tion of ¢ from one Znel vc 2.5 mm would raise
: .., the two wculd »e comparable ir
goes to 20 to 1 in favour of the cnemJCa1

<

If, on the other hand, the high temperature frequency Factor, A, ever
attained its full theoretical valuz, the S, resistance would not Lhecome
important till the particle size dropped below 100 microns.. Above this, it
would not matter. This may weil have been the case for the carbons formed.
in situ from burning coal parxlc¢es since no evidence of a chemical resis stance
was ever found (15-17) for particles ranging in size as ilow as 300 microns.
This suggegsts that Ay may depend as much on the inherent reactivity of the
material as 1t does on any accomodation or orientation factor.

(ii) S /“ This alternative plot is-shown in Fiz. 9. In this instance
the two r951stanccs are 1ndepcncent of velocity, but are very strongly influencer
by temperature and oxygen concentration. Even so, the two resistances are
equal, over the range 5 to 21% oxygen, at a temperature of around 1200 = lOOOK;
and there is substantially change from 32 eontrol to §; control (if S5 1
absent) in the temperature range 12000k 4 2000 For the 1" spheres,
inspectinn of Fig. 2 indicates a transition temperatume of about lOOOOK © 2000
(cf. data in Review (3)), thus implying a surface oxygen concentration (p g) of
1% or less. Since the:oxygen’ concentratlons can be read as surface values
(d.e., of p ), rather than main stream values, the progressive reduction of the_
diffusion 1gyer due to a rising veloeity, or falling partlcle size, 1s seen
to increase the surface oxygen concentration, and to raise the transition
temperature.

4.3 Small Particle Behavior and Other Data - iAs mentioned above, the diffusion
resistance, S_, necomes neglane as the Qartlclm size drops delow 100 microns.
Small pqrtlcle sehavior, as in pulverised coal :flames (9), or soot particles

in cracked hydrocarbon flames (10), can therefo®e be evaluated from eqn. (10)
and Fig. 9. According to these, we should find that, cven in the most favora®tle
conditions for the resistance S,, the & $; resistance should predominate above
14009K. Data (9,10), however, show that high activatiop energies, of about
40,000 cal., ean be adduced over the range_ 1300 to 1700 K. This, of course,

is quite feasible if the Sl value for partlcles formed from coal in situ can -
indeed drop by a factor of as discussed above. At 5% oxygen concentration,
the §, resistance would not drop below 10% of tae totaT resistance till the
tempefature exceedéd 1900°K.

Such behavior would satisfactorily account for the results obtained,
except that both reactions are claimed to be~first order. A possible reason
for this further discrepancy may be that there is_even a fourth resistance or
mechanism coming into play at the higher temperatures Smith and Gudmundsen
(43) measured burning rates of sma]l spheres, 2 or 3 mm in diameter, at tempera-
tures ranglng from 1450 to 1750 K. At the lower temperatures in thls range
the reaction rates obtained substantially agree with prediction from the
equations developed in this paper, using the samec experimental coefficients.
The initial slopes of the curves with respcet to temperature are also similar;
but above 1650°K where Tu ct al. had very few data, the slopes of the Smith
and Gudmundsen curves incrcase v very - rapidly indeed, w1tH the activation enetgy
ev1dently high. Golovina and Khaustovich (24) have shown the same effect, y
also using spheres of very similar diameter to those used =y Tu ( of 1.5 em.) "~
and ¢in a 60 cm./sec. air flow. In agreement with Tu, the reaction rates rose
fast up to 1000 or 11009K, then levelling off at about 30 x 10-5 g./sq.om.sec.’
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(¢ Fege ). Then, in ar “etmcnt with Smith and Gudmundsen, they rose fast
asain ovel the tem DLnature range 1400 to 17509, rising to about

70 x 1075 g./sq.cm.sec.;  but then they levelled off again, with calculated
rates in aﬂrttneﬁt with a double film diffusion system this being maintained
Lp to the experimentalltemperaturc limit of 3000°K. :

This phenomenon shown by Smith and Gudmundsen (43) and by Golovina and’

Khaustovieh' (24) in the temperature range 1500 to 17009K may, - therefore

account for the Lee et al. (10) anomalies, but clearly this is a region now
vecquiring examination, both theoretically and experimentally in much greater
dctail. -

-

5. CONCLUSIONS

From this analysis, of the Tu, Davis; and Hottel data (1), on the burning
rates of 1" carbon sphercs, presented in this paper, we conclude that:

[

. The three-resistance concept of: boundary-layer diffusion (S.), activated
adsorption (S,), and desorption (5,), which are deemed to take place
physically in series, is essentialiy correct.

2. At low températurcs (below 1000°K) the desorption resistance (S,) predomin-
ates, and the recaction order is zero., At high temperatures, (above 1000°K),
the diffusion and adsorption resistances (5 and $,) are both, simultaneousl:
important, -and the reaction is first order.® For the 1" sphere. at low

- velocities, 87 is the fower of the two resistances, being 1/6 of §, at
3.5 om./scec, gas velocity; hut rising to 1/2 of §, at 50 cm./sec.

3. At higher velocities, or smallewr partlcle sizes, the diffusion re51stance
S,, becomes progressively less important. In general, it should be po501ble
to neglect it with little error, at particle sizes less than 100 microns
{pulverised coal size), even in quiescent ambient gas conditions..

4. The reciprocal of the thrce resistances are related to the velocity constants
of the three precosses, given generally by:

T 0.75
‘1/8, = K Py = AgePg. (T/T) -

Sy ,
l/sl»—‘klpo = Al.pd.exp(—El/RT) = Bl.po.exp(—El/RT)
l/S2 = k2 = A .exp(—E /RT)

the cocfficients A And B! being glven by eqns. (3) and (7) A is
velocity dependent, anﬁ tcmpcr&turc independent; is temperature Sependcnt

and velocity independent; and B~ and A are both témpe;ature and velocity
independent.

5. The reiation betwcen specific reaction. rate (R.) ‘and thc veloc1ty constants

'3 ziven by the guadratic of eqr. (9) However, the:data ‘may’ be approx1matc’
by the modified Langmuir isotherm.

. . '
l/Rs = (L/kl.po) + (17ky)
where - : ki = A;.exp(Ei/RT)
A and E! are cmpirical qunﬁtitteo determined by experiment. - by

definition, is independent of both temperature and oxygen contentratlon
but is velocity dependent.
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6.

>

- desorption activation encrgy (true) = 40,000 ca1 ./mole
- temperature function ratio: (T/T ) 75/exp( E /RT) value = 7.1
- velocity constant

- velocity constant for diffusion = AO(T/T0)0'75

The empirical activation energy, EI, is identified with the effective
activation energy,. obtained Lrom first principles, after combining the

T1/2 term of A w1th the. E erm in $. (E belng the true activation energy).
The value of" tﬁe effectiver energy,_ % 1slfound 1y best fit to experiment

“to have a value of:.2000 cal./mole. ﬁy calculaticn from this, the true

value, is 3400 cal./mole, in adequate agrcement w1th other values for
this ouaﬁtlty in the llterature

The empirical frequtncy factor A,, is 1dent1f1ed w1th the theoretlcai
group obtained from flrst pr;nelp*es

Al =B/ (K /K) ' @),
From this, the following relation with velocity is ohtained:

(/A - /B l)J = 2fK + f&c.]/ - (19¢)

Comparison with experiment confirmed the functlonal form of this equatlon
and excellent agreement was found between the predicted and experimental
coefficients involved in the diffusion and velocity components of the
calculation.

Agreement between the predicted and experimental valiues of the A; and B
frequency factors are in error hy a factor of 150. This is attributed
to an orientation or steric factor, #, for which other values in the .
literature are in the range of 50 to 80. For this identification,
agreement is therefore adequate. :

A final point developing from this analysis is an amyiguity or inconsistency
in higher temperature data, obtained by othters, that just overlap in their
bottom ranges with the top temperature range of those optained by Tu et al.
In the overlap, the data agree; -but at higher temperatures, ieyond the
overlap, the data show a much more rapid risein reaction rate than the
equations and mechanigém should permit. This phenomenon requires further
study. -

6. LIST OF SYMBOLS

- freguency factor
- " v for diffusion = K.Nu

- - " for adsorption = M P7,/y

" - for desorption

-~ first empirical factor = B / (1+k /k )
- secepd empirical .factor = A

conversion factor (numerlcai) in By = b. B value 3.9

- adsorption frequency factor (temp. indep. ) —-Al.rJT/TO
- effective adsorption freguency factor = B;/b

- numerical constant in Nusseit/Reynolds No. eguation
- revised value of ¢ for velocity eguation = °V¢§;7;-

- particle diameter (this paper = 2.5 cm.)
- diffusion coeffieient at s.t.p. (for 0, in N, = 0.181)

- adsorption activation energy (true) - 3400 cal/mole

Nk A

[ VN

/

- empirical and effective adsorption activation energies = -2000 cal./molc
7
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i kl - velocity constant for adsorption = Al.exp(~El/RT)

‘ k2 - g it for desorption = Az.exp(—E,/RT)

’ ki - Tfirst empirical velocity constant i

; ké - second empirical velocity constant = kipo

f K - diffusional constant group = OMC/MO) (Do/d)

i 2 g‘ general indices, for Re and Pr numbers

P M, - molecular weight of carbon _ L
M, - molecular weight of oxygen

. Nu - Nusselt number for mass transfer

" Py - oxygen partial pressure, main stream value

v

- oxygen partial pressure, solid surface value

P

P - tMamewame(laUms)
Pr - Prandtl number
R

R

-t

Tu, C.M.; D-vis, H.; and Hottel, H.C. Ind. Eng. Chem. 26, (1934) 749.

s, Re - . Reynolds number

‘\ s - specific reaction rate - g/sg.cm.sec.

So - diffusional resistance = 1/k,p,

i Sl - adsorption resistance = l/klpO
1 S, - desorpticn resistance = 1/kp
; T - temperature (aksolute)

) TO - s.t. .

Ny Vo - s.t.p. gas velocity
L' po - s.t.p. denmsity
bt n - orientation or steric factor in adsorption
i A - gas viscosity
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Figure 1 - Variation of diameter squared with time of burning
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Figure 2 - Variation of diameter-sguared with time of burning

bituminous coal particle (Cowpen)




